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Chapter 1

Nonconventional Methods for Patterning
Polymer Surfaces

Carlos Drummond and Juan Rodrı́guez-Hernández

1.1 Introduction

Structured surfaces are present in Nature for many different purposes. Self-cleaning

leaves with microscopic wax patterns, antireflective properties of moth eyes,

superior adhesion of gecko feet via the enhanced adhesive interaction of nano-

hairs, reduced friction and wear of the skin of sandfish via nanostructured scales, or

turbulence reduction near shark’ scales by micro-grooves are few examples of

enhanced surface functionality by microstructuring or nanostructuring. Commer-

cial materials with enhanced properties strongly inspired in some of these examples

of Nature are already in the market. Dirt-repellent coatings and fabrics, nanostruc-

tured finish to reduce the need for car-waxing, self-cleaning vehicle windshields

and mirrors, or antireflection and anti-UV coatings are some examples of surface

properties enhancement by microstructuring and nanostructuring. A vast number of

other applications may be anticipated for structured surfaces. Magnetic, electric, or

chemical properties can be exploited to build information storage devices, displays,

lighting and energy systems, actuators, and sensors. The impact of nanostructured

surfaces will extend all the way from materials science and microelectronics to

bioengineering. However, there is a great deal of research that needs to be

conducted in this field, in order to achieve technical control of surface structure

and functionality at the nanometric scale. This includes studying the structuring
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possibilities of new materials, achieving new structures and functionalities for old

materials, as well as developing new patterning techniques.

1.2 Classic Approaches for Patterning of Polymer Surfaces

During the last few decades numerous strategies of surface structuration have been

reported. They are commonly classified as top-down or bottom-up methods. The

first group involves shaping the microstructure of a large piece of material to the

desired structure. It includes techniques as photolithography, sputtering, inkjet

printing, or molecular beam epitaxy. Although the invention of photolithography

can be traced back to the nineteenth century, the microelectronics industry has been

the main driving force for its continuous development. These techniques have been

greatly improved as a result of growing efforts to increase the density of data

storage or the number of components in circuit boards. State-of-the-art photoli-

thography facilities can be used to produce structures of few tens of nm in size. To

achieve these very small features extremely costly clean room facilities of limited

access are required, which involves high operational costs. However, the minimum

feature size that can be obtained by conventional photopatterning is restricted by

the diffraction limit of the light. In addition, in many cases these techniques are not

adequate for biological or organic materials, or non-planar surfaces. These limita-

tions may be surpassed by using near-field or contact mask techniques.

Soft lithography techniques, based on the use of polymer stamps, have been

proposed as easier and cheaper alternatives for surface patterning. The use of soft

stamps allows patterning of planar or non-planar substrates, transferring the pattern

from the master to the substrate by techniques like Replica Molding

(by polymerizing, reticulating or solidifying a liquid material against the soft

mold) or Microcontact Printing (by transferring an ink to a surface using a patterned

stamp). Typically sub-100 nm patterns can be produced by these methods; however,

as the stamps readily deform under compression as a consequence of their low

elastic modulus, producing smaller features with these techniques represents a

challenging task.

Bottom up strategies are based on molecular self-assembly or self-recognition to

promote matter organization in a desired configuration, arranging the elementary

bricks in more complex arrangements by building structures atom-by-atom, or

molecule-by-molecule. Techniques based on molecular or atomic manipulation

(e.g., dip pen nanolithography) can also be included in this category. Recent

advances in macromolecular chemistry make possible the production of complex

block-copolymers; a large variety of self-assembly structures can be rationally

produced based on these materials. Some of those arrangements are discussed in

Chap. 4. Self-assembly techniques may provide exquisite control of the final

material under reasonably manageable conditions, but they face obvious scale-up

challenges.
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The need for easier and more versatile strategies of surface patterning has

motivated the development of many research programs in this area. A number of

new patterning techniques, some of which are difficult to catalog in the classifica-

tion described above, have been reported during the last few decades. The purpose

of this volume is to bring together some of the different strategies of control of

surface morphology of polymers. We focus on methods based on controlling the

outcome of “pushing” a particular system close or beyond an unstable condition, or

dynamically manipulating the process of material preparation. Many of these

techniques are low-cost and relatively easy to implement, and may prove to be

useful for patterning of polymer films and surfaces at small scales or for

prototyping.

1.3 Surface Patterning Approaches Based on Surface
Instabilities or Dynamic Process Control

Unstable conditions are often undesirable and are associated to lack of control of a

given process. For instance, film dewetting may produce imperfect coatings

resulting in improper functionality or bad appearance. However, understanding

the dynamic behavior of a specific unstable condition may open pathways to

valid patterning techniques, if the outcome of the surface reconstruction due to

the instability can be mastered. The interest of using surface instabilities to pattern

polymer surfaces relies on the rich and complex patterns obtained as a result of

spontaneous processes. These patterns are rather difficult, if not impossible, to

fabricate by using traditional patterning techniques. In addition, most of these

techniques do not require the use expensive equipment; fast and inexpensive

modification of polymer surfaces can be performed in regular laboratory environ-

ment by these means. Similar considerations apply to methods based on the

dynamic control of process of preparation and shaping of polymer materials. A

fine control of reaction or drying conditions may allow the tuning of surface

morphology. For these reasons many research groups worldwide are currently

working on understanding and developing patterning strategies based on control-

ling surface instabilities or dynamic processes of polymer materials. We can

classify the techniques described in this book in three broad categories, based on

the methods used to guided polymer patterning. Figure 1.1 shows illustrative

images of the surface patterns obtained by using the approaches depicted below.
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Fig. 1.1 Illustrative images of the surface patterns obtained by using different instability-based

patterning approaches (a) Structuration driven by surface/interfacial energy [1–5] (b) Field-

induced structuration [6–12] (c) Influence of water on hydrophobic polymer surfaces
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1.3.1 Spontaneous Structuration Driven
by Surface/Interfacial Energy

In this group can be included the structuration driven by dewetting, evaporative

self-organization, block copolymer phase separation, segregation of additives to

surfaces, or template guided surface structuration.

Dewettingmay be induced by long-range attractive interaction forces intrinsic to

the different interfaces present (e.g., polymer–air and polymer–substrate).

Dewetting may occur for the case of thin films, but it is less important for thick

films or bulk materials. After the seminal work of Reiter [13], a great deal of

research has been done on this important subject. Often, the film rupture leads to the

formation of disordered morphologies; [14–16] random distributions of holes,

bicontinuous structures, polygon, and droplets among others have been observed

[17, 18]. The control of dewetting can be used for patterning polymeric materials. A

better degree of patterning control has been reached using heterogeneous substrates

[19] fabricated using microcontact printing [20–22], vapor deposition [23], or

photolithography [24]. Dewetting of thin films on periodic physically and chemi-

cally patterned surfaces can produce a large variety of surface patterns since the

polymer film will wet and dewet specific areas. A description of this process is

presented in Chap. 2.

Directing convection: evaporative self-organization. Ordered structures can be

obtained by controlled evaporative and simultaneous self-assembly processes in a

drying polymer solution. As described by Lin et al. [25] drying a drop of solution

containing nonvolatile solutes on a solid surface is a simple, emergent technique

to yield self-assembled, 1D or 2D structures with controlled dimensions (features

of the order of few hundred nanometers), function, and topology. In this context,

one of the most extended examples of surface structures formed by controlled

evaporation processes is the case of “coffee ring” patterns. Coffee rings are

observed when a spilled drop of a dispersed solute dries on a solid surface, leaving

a dense, ring-like deposit along the perimeter. A large number of studies have

evidenced the possibility of delicately manipulating the drying process in order to

tune the assembly of a large variety of solutes that include inorganic

nanoparticles, polymers, and biological molecules. A description of this process

is presented in Chap. 3.

Phase separation of polymer blends and block copolymers. Confining polymer

blends and block copolymers between surfaces may influence the phase separa-

tion process, as a consequence of the preferential affinity of one of the compo-

nents for the interface. Since the pioneer works of Reich and Cohen [26] and later

by Nesterov et al. [27], Ball and Essery [28], and Jones [29] amongst others much

work has been done to understand the mechanisms of phase separation in polymer

thin films. The presence of substrate–film and/or film–air interfaces introduces an

additional complexity compared to bulk phase separation processes [30–

35]. Complex structures can be produced by slight differences on parameters
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[36] such as film thickness [26, 34, 37–41], affinity for the substrate employed

[42–46], substrate patterning [5, 47], surface tension of the polymer [39, 48, 49],

Flory–Huggins parameter [49–55], molecular weight of the polymer [56–58],

component ratio [39, 52, 59–62], the relevant solvent parameter [38, 42, 63,

64], evaporation speed [65–69] and polymer concentration [67], chemical reac-

tion in the blend [70], addition of additives [71], or even the temperature

[72, 73]. Moreover, since the structures obtained are typically far from the

equilibrium [34, 63] additional annealing steps will induce the formation of

thermodynamically stable morphologies [36, 72]. Some examples of this method

are discussed in Chap. 4.

Surface segregation is a thermodynamical phenomenon that directs the interfacial

migration of certain components within a particular blend. In general, provided that

there exists an appreciable difference in surface energy between the components of

the blend, the lower energy component is preferred at the interface in order to

minimize the surface free energy [38, 74–78]. In some cases the surface migration

is accompanied by self-assembly processes (for instance using blends containing

block copolymers) leading to surfaces with nanometer size features. This method is

described in Chap. 5.

Template guided structuration include those approaches that involve an interface

which direct the phase-separation process. Topographically and/or chemically

patterned substrates [72] can modify and guide the phase separation process leading

to a variety of morphologies. For instance, Steiner and coll. have shown that the

phase separated domains created from a polymer blend in thin films can be guided

into previously designed morphologies using chemically prepatterned substrates to

create a surface with laterally varying surface energies [5]. The extensive literature

in this important topic is discussed in Chap. 6.

1.3.2 Field-Induced and Dynamic Control of Surface
Structuration

A polymer surface can also be perturbed by an externally applied force. Electric or

magnetic fields, thermal gradients or mechanical stresses have been used to modify

the morphology of polymer films. A reasonable understanding of some of these

methods has been achieved. In this category we have included the following

patterning methodologies:

Electrohydrodynamic patterning/Thermal-gradient induced surface patterning. A
stable liquid polymer film becomes unstable when the surface tension is overcome
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by a destabilizing force (e.g., due to an externally applied electric field). Analo-

gously, solid polymer films become unstable under sufficiently large strains. The

characteristic size of the instability will depend on the film thickness, surface

tension or bulk modulus, and the strength of the applied force. Unstable thin

polymer films can reorganize in different architectures: e.g., holes, columns or

channels. In the absence of plastic deformation, the developed instability will

relax to the original unperturbed morphology after the destabilizing force is

removed, in a time scale that will depend on the viscoelastic properties of the

film. Several strategies have been developed to preserve the surface nanostructure,

including chemical/UV cross-linking or rapid glassification (quenching) of a struc-

tured liquid polymer film.

In electrohydrodynamic patterning, a polymer interface is destabilized due to the

effect of an applied electric field. If the generated electrical stress at the interface is

sufficiently large, it can cause an electrohydrodynamic instability, as has been

extensively discussed in the literature [6, 79–81]. Analogously, an externally

imposed temperature gradient causes a surface undulation with a characteristic

wavelength that finally leads to the film breakup into different morphologies. As

depicted by Steiner and coworkers [82] the observed instability at the origin of the

morphology change is linked to the diffusive heat transport through the polymer

and air layers. Some of these methods are described in Chap. 7.

Elastic Instability and Surface Wrinkling. Surface wrinkles, creases, and even

folding are common instability phenomena found in polymer films. [83–86]

Wrinkles or folds appear when membranes or films are subjected to mechanical

stress (by osmotic pressure, stretching or heating) above a certain limit. Even

though wrinkles appear as a consequence of buckling instabilities, the outcome of

the process can be controlled and used for surface patterning. It has been shown that

the use of sandwiched structures with layers of different elastic properties allows

for a better control and degree of complexity of the produced structures [85, 87–

89]. This method is discussed in Chap. 8.

Reaction-diffusion surface patterns. We include in this group the processes that

take advantage of the competition between reaction and diffusion of species to

generate patterns, controlled by the reaction dynamics and the preferential diffusion

of reactive species. Particularly interesting is the case of polymer gels where pattern

formation has been obtained due to the volume phase transition. Katsuragi [90]

described the preparation of patterned gels by reaction-diffusion where the wave-

length of the patterns is related with the diffusion length and the final morphology

can be modified by varying the experimental conditions. This method is discussed

in detail in Chap. 9. Photoembossing can also be classified in this group. In this

technique spatial polymer concentration is modulated based on the differentiated

migration of reacting monomers. The reaction is typically initiated by patterned UV

irradiation; polymerization is initiated in irradiated regions. Reaction-driven
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diffusion of the reactive monomers to the illuminated regions will then occur,

generating differences of monomer concentration between exposed and unexposed

areas. To finish the process and froze the generated pattern, polymerization of the

whole film is triggered. The pattern obtained is determined by the competition

between diffusion and polymerization, the surface tension of the polymer film and

the operational parameters like film thickness, temperature, and exposure and

polymerization times [91, 92].

1.3.3 Influence of Water on Hydrophobic Polymer Surfaces

A changing physicochemical environment can also be used to modify the arrange-

ment of polymer materials. Exposure to different solvents, vapors, water, or elec-

trolytes may trigger the reconstruction of polymer surfaces. Three examples are

included in this volume.

The Breath Figures method is based on the formation of ordered water droplet

arrays on surfaces [93–97] to finally produce porous films in which the size,

functionality, and shape can be finely tuned. In general, breath figures are formed

when a cold surface is brought in contact with moist air. If the surface in not wetted

by the vapor, moisture condenses on the cold surface forming water droplets that

grow during the evaporation giving rise to distinct water droplet arrangements on

the surface. This process is driven both by a thermocapillary effect and Marangoni

convection, in which two droplets of the same liquid do not coalesce if a sufficiently

large temperature gradient exists [98].

One particular case of BF formation concerns the case of drying polymer

solutions which, under appropriate conditions, can produce highly ordered porous

materials, as first described by Francois et al. in 1994 [99]. This process regained

popularity during the last decade [10, 98, 100–103]. Several studies reported the

physical mechanisms [104, 105] underlying of the breath figures formation.

As described in Chap. 10, the preparation of porous films by using this approach

is simple, fast, and does not require the removal of any template. In addition, this

technique can be used with different materials [10, 98, 106] including mixtures of

polymers [107–110] and can produce films with controlled pore dimensions

[101, 111–114] and precise functional group distribution [107, 114–120]. Recent

reviews have been published on this topic [9, 10, 103, 121, 122].

Ion-induced nanostructuration. When hydrophobic surfaces are in contact with

water in ambient conditions a layer of reduced density is present at the interface.

This effect, exclusive of hydrophobic surfaces [123], reduces the intimate contact

between the two condensed phases. Nevertheless, the extent of this layer can be

decreased by degassing the aqueous solution. As reported by Siretanu et al. the
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enhanced proximity between a hydrophobic polymer film and an aqueous solution,

avoiding the presence of a gas layer, can induce a self-assembled nanostructure on

the solid surface due to ionic adsorption. This instability and the self-assembled

structure formed are controlled by the ion-induced hydrophobic surface charge

[12]. A complete description of this technique is presented in Chap. 11.

Nanobubble assisted nanopatterning. If no efforts are taken to remove the gases

dissolved, nanobubbles appear on hydrophobic surfaces after inmersion in aqueous

media. The interaction of the nanobubbles with the hydrophobic surface can induce

surface reconstruction [124]. Thus, the presence of nanobubbles can be employed to

form different surface morphologies. For instance, short exposure times to aqueous

solutions (several seconds) appear to be enough to create patterns on glassy poly-

mers as polystyrene [11]. This process is described in Chap. 12.

Several strategies can be followed to further increase the degree of complexity

of the patterns obtained from the processes mentioned above. First, chemically or

topographically patterning a substrate (template guiding) can be used to direct the

rupturing path followed by an unstable polymer film. Another level of complexity

can be achieved if the starting polymer material is prone to specific self-assembly

ordering, e.g., block copolymers. All these approaches become particularly

appealing when they are combined with building blocks in the polymer material

with interesting properties, allowing the design of functional materials. It has

been shown that a simple chemical or morphological modification may enhance

existing material properties or provide a seemingly simple material with excep-

tional capabilities. Many different properties have been targeted in the last

decade: some examples are superhydrophobicity or superhydrophilicity, anti-

reflectivity, anti-fouling, antisoiling, improved scratch, corrosion or abrasion

resistance, bonding enhancement, self-cleaning, visual aspect, printability, irides-

cence, and light reflection and absorption. In this book we explore some of these

strategies.

As a summary of this chapter, Tables 1.1, 1.2, and 1.3 compile the most

significant aspects of the different patterning methods explored in this book,

including the cause of the interface modification, the type and typical length scale

of the patterns observed, and illustrative references with additional details of each

approach.
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1.4 Conclusions

The use of nontraditional patterning approaches that resort to interfacial instabil-

ities is a research area in which physicist and chemists have found increasing

interest. This is due to the multiple types of patterns that can be achieved, in most

of the cases employing easy-to-implement methodologies. In contrast to the

existing, “traditional” patterning approaches that are closely sustained on techno-

logical advances, the methods described resort to the smart use of properties

inherent to the materials to achieve a control on the surface characteristics (topog-

raphy, chemistry, . . .).
This book covers those methodologies that, based on surface instabilities or

control of dynamic processes, are able to guide to a certain extent the modification

of polymeric surfaces. It is divided in different sections related to the groups of

methodologies depicted in this chapter. Our aim is to provide a snapshot of a rapidly

growing field; most of the methodologies described have been reported during the

last two decades.
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Chapter 2

From Holes to Drops to Toroids: Conditions
for the Transcription of Surface Patterns into
Three-Dimensional Morphologies via Rim
Instabilities in the Course of Dewetting

Samer Al Akhrass, Laurent Vonna, and Günter Reiter

2.1 Introduction

Intrinsic ordering processes on surfaces which allow to generate regular topographic

patterns with a microscopic length-scale are of importance for many technological

applications [1–3]. In this context, it is of interest to explore if dewetting of thin films,

a simple and thus highly convenient process, is capable of creating regularly ordered

topographical patterns. Dewetting causes changes in morphology which eventually

transform a thin fluid film into a set of droplets [4–19]. This transition in morphology

can be controlled by external forces or via patterned substrates and thus represents a

highly promising approach for generating engineered topographical patterns on a

meso- and nanoscale. This pattern formation process can be scaled up to large areas

and thus may be of interest for various applications.

The physical laws governing the process of dewetting are fairly well understood

and have been explored in various experiments. Ideally flat (smooth) and defect-

free substrates have been used for testing these laws [4–19]. At a late stage of

dewetting, i.e. after dewetting holes have been initiated and grown until their

coalescence, filaments of fluids are formed. Their decay into an array of droplets

via a variant of the Plateau–Rayleigh instability has been examined in detail. While
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dewetting of thin films on flat and homogeneous substrates is able to generate

droplets of fairly uniform size, their positioning on such substrates is not predict-

able and thus not regular. A random collection of isotropically distributed droplets

is the outcome of such a non-guided dewetting process.

For all dewetting processes, the initial thickness (h) of the film plays a crucial

role [4–19]. For example, h determines the strength of van der Waals forces acting

across the thin film and h often indirectly is responsible for the mean distance

between dewetting holes. In the case of slippage, the width of the dewetting rim and

consequently the amount of energy dissipated by viscous friction within the rim, are

related to h. In addition, besides h also interfacial properties determine both the

capillary forces driving dewetting and the frictional losses which balance the

driving force [4–19]. Average properties (e.g. the characteristic wavelength of

surface fluctuations, the mean distance between nucleated holes or the average

size of the final droplets) can be identified, but no long range order can be generated

by non-guided dewetting processes. Thus, for the fabrication of devices for poten-

tial applications, the challenge is to introduce long-range order and alignment of

droplets in dewetted structures [20–22].

Long range ordering of polymeric nano- or microstructures can emerge from

periodic fluctuations occurring at the retracting triple-line of a dewetting fluid, the

corresponding fluid flow within the dewetting rim and the consequently induced

instabilities. Eventually, droplets may detach from such unstable rims in a way

analogous to the Plateau–Rayleigh instability [23], as observed on slippery but

homogeneous (non-patterned) substrates [24, 25]. A direct relation between droplet

size and initial film thickness has been identified [26]. In dewetting polymer

solutions, where concentration (Marangoni) effects [27] play an important role,

even more complex morphologies induced in the retracting fluid can be produced

via such fingering instabilities [28].

Potentially, dewetting therefore allows to transform a quasi-two-dimensional layer

into self-organised, ordered arrays with three-dimensional topography [29–37].

However, without any guiding influence, dewetting only can generate randomly

placed holes or droplets separated by a mean length-scale [4–19, 38–40]. Guiding

the retracting contact line by a chemically or topographically patterned substrates

has been investigated. However, such guidance was not always successful. Often

guidance relies on the commensurability of the thickness of the polymer film with

size and frequency of the imposed pattern, as discussed in theoretical [41] and

experimental [42, 43] studies on wetting of structured surfaces by a fluid layer.

The various pathways of dewetting and pattern formation in thin films on hetero-

geneous substrates have been investigated theoretically [38–40, 44–48],

suggesting that ordered patterns are only possible when the characteristic

length-scale of dewetting is close to commensurate with the imposed periodicity

of the pattern [44–48]. On surfaces with chemical or topographical patterns,

pinning and deformation of a moving contact-line can be guided and thus can

lead to the formation of regular structures. Surface features can act either indi-

vidually or collectively as pinning sites. Perturbations in the retraction velocity of

the contact-line, with the ultimate case of local pinning, are influenced by the
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(characteristic) length-scale of surface features and the wettability contrast and

topography (aspect ratio) of the surface pattern.

Structure formation via the control of the various stages of dewetting has been

investigated both theoretically [44–50] and experimentally [32, 51–69]. For exam-

ple, the structures can be aligned by dewetting on chemically [52–57] or topo-

graphically patterned substrates [58–62], and vertical confinement of the film under

a patterned mould or stamp [63–69]. Often experiments and simulations of

dewetting on topographically patterned surfaces have focused on one-dimensional

patterns like parallel stripes [58–61] and on two-dimensional arrays of square

pillars [62].

In a simplistic view, one therefore might expect that the resulting morphology is

uniquely and unambiguously determined by the templating two-dimensional sur-

face pattern. Here, we show that besides the surface pattern itself also other factors

are controlling the resulting three-dimensional morphology. The goal is to under-

stand the underlying physical mechanisms which govern the generation of various

changes in morphologies for a given template. To that end, we report an experi-

mental dewetting study on chemically patterned substrates exploring the conditions

of dewetting of a thin polymer films which can lead to various morphologies. In

particular, we focus on the formation of ordered arrays of cylindrical holes, micro-

droplets or toroids, guided by a predefined pattern of non-wettable patches of

uniform size arranged with hexagonal symmetry.

2.2 Experimental Methods

2.2.1 Preparation of the Silicon Substrate

Highly polished silicon wafers were cleaned by immersion in a piranha solution

(70 % volume fraction concentrated sulphuric acid and 30 % volume fraction

hydrogen peroxide) at 80 �C for 30 min, followed by rinsing in deionized water

and drying under nitrogen gas. This step served firstly to eliminate surface contam-

inations and, secondly, to allow for surface hydroxylation in order to reach a high

areal density of silanol groups SiOH (~5 SiOH/nm2) on the surface of the silicon

wafer [70]. Subsequently, as an adhesive interlayer, a homogeneous self-assembled

monolayer (SAM) was attached to the surface wafers. This SAM was achieved by

immersing the wafer in a 1 mM toluene solution of (3-mercaptopropy)

-triethoxysilane (MPS, Sigma-Aldrich Chemie, Germany) for approximately 24 h.

Samples were rinsed several times with toluene and sonicated for about 30 s to

remove molecules from the surface onto which they were only physisorbed. These

so washed samples were dried under a stream of nitrogen gas. As the final step, by

thermal evaporation at a rate of 0.1 nm/s at room temperature, gold layers with a

thickness of ca. 40 nm were deposited onto the silicon wafers pre-coated with the

MPS monolayer.
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2.2.2 Pattering Using Micro-contact Printing

These so prepared substrates were subsequently chemically patterned through

micro-contact printing. Elastomeric stamps, consisting of ca. 5 μm large pillars

arranged on a hexagonal array with a mesh size of 8 μm, were fabricated by casting

a silicone pre-polymer (polydimethylsilicone (PDMS) Sylgard 184, Dow Corning)

into a “mould”. The mould was prepared by e-beam lithography in silicon (CSEM,

Neuchâtel/Switzerland) resulting in a pattern with the complementary relief struc-

ture. The pre-polymer was filled into the mould and cross-linked at 45 �C for 15 h.

Finally, the solid stamp was peeled off the mould. The stamps were cleaned prior to

use by ultrasonic treatment in alcohol for several minutes, followed by complete

drying under nitrogen gas.

For micro-contact printing the stamp was soaked with reactive molecules by

immersion in a 2 mM solution of hexadecanethiol (HDT, Sigma-Aldrich Chemie,

Germany). After removal from the solution, the stamp was dried under a nitrogen

gas stream. For transferring the pattern onto the silicon substrates, the stamp was

gently brought into contact with the gold substrate, kept in contact for 30 s and then

carefully lifted off. The imprinted pattern on the gold-coated substrate was

characterised in the friction mode by atomic force microscopy (Digital Instruments

Nanoscope IIIA/D3100). This allowed to determine the size of the imprinted

domains and to verify the fidelity of the pattern replication process. Due to the

methyl-termination of the HDT-molecules anchored on the gold substrate via the

thiol end-groups, the resulting HDT patches were less wettable by polystyrene than

the surrounding gold surface.

2.2.3 Polystyrene Film Formation and Dewetting

As the final step of sample preparation, polystyrene films were prepared by

spin coating rather dilute toluene solutions of variable concentration onto gold

substrates structured with the micro-pattern of a HDT monolayer. We have chosen

a medium molecular weight polymer, PS120k, having a molecular weight of

Mw¼ 120,000 g/mol and a polydispersity of Mw/Mn¼ 1.05, purchased from

Polymer Standards Service, Mainz/Germany. The thickness h of the PS120k

film was varied from ca. 15 nm to ca. 100 nm by changing the concentration of

the solution.

Dewetting was initiated by heating the sample above the glass transition tem-

perature of PS within a nitrogen-purged hot stage (Linkam TMS 91, Surrey, UK). In

order to allow for dewetting velocities v of the order of some μm/min, annealing

temperatures up to 220 �C have been used. The temperature was controlled

within� 0.5 �C. Real time dewetting was observed under an optical microscope

(Leitz Metallux 3, Wetzlar, Germany). After dewetting, samples have been

characterised by AFM (Digital Instruments Nanoscope IIIA/D3100) in the tapping
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mode, yielding a higher lateral resolution than optical microscopy and providing in

addition information of the topography of the pattern at a nanometer resolution.

In Fig. 2.1a a schematic representation of the build-up of the samples is shown.

Figure 2.1b shows a two-dimensional schematic representation of the pattern

imprinted onto the gold-coated silicon wafers. A typical AFM image in friction

mode of the imprinted of hexadecanethiol (HDT) circular domains is shown in

Fig. 2.1c. The size of the hexagonal pattern with a mesh size of 8 μm was chosen so

that it was comparable to the size of the width w of the rim which developed during

the dewetting process. As a function of the thickness of the spin-coated film, w was

increasing from much less than the distance between patches up to values much

larger than the mesh size.

2.3 Results and Discussion

2.3.1 Thin PS120k Films (15 nm<h< 35 nm)

The design of the pattern composed of HDT-patches surrounded by a gold matrix

imposes a wettability contrast, i.e. the interfacial tension between polystyrene and

the substrate is lower on the patches than on the surrounding matrix. Thus, the

wettability of the HDT-patches is lower than on the surrounding gold. Accordingly,

it is more likely that nucleation of holes and subsequent retraction, i.e. dewetting of

polystyrene, will first occur on the HDT-patches. In Fig. 2.2a for a 15 nm thick

PS120k film, it can be clearly seen that all dewetted cylindrical holes started to

grow on the HDT-patches. Within an individual patch, no preferred location for the

Fig. 2.1 (a) Schematic representation of the build-up of the samples used. (b) Scheme of the

pattern which was imprinted on the gold-coated silicon wafer substrates in a hexagonal geometry

(the unit cell is indicated by red lines). (c) AFM image in friction mode showing the imprinted

hexadecanethiol (HDT) circular domains. The dark discs correspond to the HDT domains while

the light grey area in between corresponds to the gold substrate
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nucleation on the patch was detectable. Holes were randomly distributed within the

patches. Moreover, for such thin films, at least one hole was nucleated on each

patch. Sometimes, however, also two holes were nucleated on an individual patch.

No holes were found outside these imprinted domains. This proves that the

imprinted domains are significantly less wettable compared to the surrounding.

Holes were nucleated on the imprinted domains which actually is expected since

the polystyrene does not wet the methyl-terminated domain surface as much as it

does the bare gold surface.

In the course of time (see Fig. 2.2a–d) these nucleated holes grew in size and

eventually reached the periphery of the patch where dewetting stopped. The

dewetted material form the patch was collected in a rim surrounding the dewetted

patch. Thus, after dewetting reached the periphery of the patch and stopped, patches

were enclosed by a circular rim, as can be clearly seen in Fig. 2.2e. The shape of the

holes formed in such thin films was circular with both a diameter and a distribution on

the substrate identical to the pattern of the imprinted domains. Some tiny droplets

within the dewetted region resulted from the coalescence of rims of multiple holes

nucleated within this area. Therefore, dewetting allowed to transform a quasi-two

Fig. 2.2 (a–d): Optical micrographs (23� 23 μm2) showing the progression of dewetting in a

ca. 15 nm thick PS120k film after (a): 60 s, (b): 90 s, (c): 195 s and (d): 240 s. Dewetting was

performed at 130 �C. (e) + (f): 3D topographic AFM images of holes formed after ca. 100 min of

dewetting at 130 �C in an ca. 15 nm thick PS film. Holes are circular with both a diameter and a

distribution on the substrate identical to the pattern of the imprinted domains. The size of the

images is (e): 20� 20 μm2 and (f): 50� 50 μm2, respectively
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dimensional chemical pattern into a three-dimensional topography consisting of

regularly arranged cylindrical containers (holes). It should be noted for the 15 nm

thick film that even at the end of the dewetting process the width of the rims (see for

example Fig. 2.2e) was small enough so that the rims of neighbouring holes did not

touch each other and thus no coalescence of rims cold occur.

The amount of dewetted material increased by increasing the thickness h of the

film. As can be seen from Fig. 2.3, such increase in h had several consequences. The
most prominent observation is that dewetting proceeded faster for thinner films.

This observation is not surprising. For dewetting on non-wettable surfaces like the

HDT-patches one may expect slippage of the polymer [71]. Accordingly, the hole

diameter D initially increased with time t with an exponent of roughly 2/3,

i.e. D ~ h�1/3 · t 2/3. However, when the periphery of the non-wettable patches was

reached, dewetting slowed down drastically. Consequently, at the rather low

Fig. 2.3 (a) Optical micrographs showing the growth of dewetting holes in a 15 nm and a 30 nm

thick PS120k film at 130 �C after times indicated in the figure. (b): Graphical representation of the
temporal evolution of the hole diameter D and the width w of the rim surrounding these holes,

corresponding to the images shown in (a)
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dewetting temperature of 130 �C chosen in Fig. 2.3, only the area of the

non-wettable patches was dewetted.

Moreover, the width w of the rim at this stage was mainly determined by the

amount of polymer removed from the patches. As this amount is proportional to h,
the width of the rim was increasing approximately with h1/2, i.e. w ~ h1/2. For
slipping rims, the dewetting velocity v is inversely proportional to the width of

the rim, i.e. v¼ dD/dt ~w�1 ~ h�1/2. Thus, in thicker films dewetting proceeds more

slowly. It can also be seen that for a film which is twice as thick as the one of

Fig. 2.2 not all patches were dewetted. This suggests that the probability of

nucleating a hole on a non-wettable patch depends on h.
Alternatively to decreasing h for accelerating dewetting, one may also reduce the

viscosity of the fluid by increasing temperature. As can be seen in Fig. 2.4,

Fig. 2.4 Optical micrographs showing the growth of dewetting holes in a 30 nm PS120K film at

(a) 130 �C and (b) 150 �C after (from left to right) 200 s, 400 s, and 3,600 s, respectively. The size

of the images is 77x64 μm2. (c): Graphical representation of the temporal evolution of the hole

diameter D and the width w of the rim surrounding these holes, corresponding to the images shown

in (a) and (b), respectively
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dewetting proceeded faster at the higher temperature. It is worthwhile to note that

the width of the rim after the periphery of the non-wettable patches had been

reached, is almost independent of dewetting temperature, as expected based on

mass conservation. Of course, the periphery was reached faster when dewetting

proceeded at a higher temperature.

Figure 2.3 suggested that the probability on nucleating a hole on a non-wettable

patch depends on h. This hypothesis has been tested in Fig. 2.5. Increasing h led to a
clear decrease in the number NHoles of nucleated holes per unit area (here we used

the area covered by 172 patches, i.e. 7,100 μm2). Although the limited number of

data points allow only for cautious and tentative conclusions, one is nonetheless

able to deduce from the images in Fig. 2.5a that holes were generated rather

randomly. No preferred direction and no correlations between nucleated holes

were detectable. However, one may observe occasionally that there is a higher

nucleation probability around some holes, suggesting that defects and inhomoge-

neities may allow for heterogeneous nucleation events.

A reduction in nucleation density of dewetted holes was also found for such

polystyrene films on homogeneous substrates [5]. Thus, a threshold film thickness

hT can be determined for which the nucleation density of dewetted holes is identical

to the number density of imprinted non-wettable domains. Obviously, h< hT was

required for observing a dense array of hexagonally arranged holes.

Fig. 2.5 (a) Optical micrographs showing holes after 1 min of dewetting at 180 �C for PS120k

film of different thicknesses: 10, 30, 60 and 80 nm respectively. (b): Graphical representation of

the decrease of the number of holes NHoles for an area of 7,100 μm2 with the increase of the

thickness of the PS120k film
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2.3.2 PS120k Films of Intermediate Thickness
(35 nm< h< 60 nm)

A transition in morphology from holes to droplets, deposited at the non-wettable

patches, was observed when the film thickness was increased to values above hmin

of ca. 35 nm. At such thicknesses, rather few holes were nucleated on the

non-wettable patches. Thus, the average distance between holes was several times

the spacing between patches, as can be seen in Fig. 2.6. When keeping the annealing

temperature at values below ca. 160 �C, even after many hours of annealing, these

few nucleated holes did not increase in diameter significantly beyond the size of the

patch. However, when the annealing temperature was increased above ca. 180 �C,
the three-phase contact line at the border of the dewetting holes slowly advanced,

i.e. dewetting also proceeded on the gold surface. This implies that at such high

temperature the adsorption energy for polystyrene onto gold was not high enough to

assure wetting of gold by polystyrene.

Initially, the holes kept a circular contact line. When the hole diameter and, in

particular, the width of the rim became large enough the contact line touched the

periphery of neighbouring non-wettable patches. Then, the contact line got practi-

cally pinned at the periphery of these non-wettable patches while it continuously

advanced on the gold surface. Concomitantly with this onset of the deformation of

the contact line, initiating the formation of finger-like protrusions, both rim width

and rim height also started to change. These changes varied locally and thus caused

changes in shape of the rim induced by the corresponding mass flow within the rim.

Fig. 2.6 Optical micrographs showing the temporal evolution of a hole in a ca. 40 nm thick

PS120k film for (a) 180 s, (b) 255 s, (c) 600 s, (d) 615 s, (e) 630 s, (f) 645 s, (g) 700 s and (h) 715 s
of dewetting at 220 �C. The red discs superimposed on the snapshots help to visualise the

underlying imprinted domains. The size of the images is 40� 40 μm2
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In fact, polymer melt was drawn onto the patches, leading to an increase in rim

height. This change in shape of the rim occurred on a rather fast time scale, τRC. As
a first approximation, we assume that during τRC the contact line did not advance

significantly. Because of the varying radii of curvature along the rim, the change in

shape is accompanied by the generation of gradients in the Laplace pressure which

induced a flow of polymers in the orthoradial direction. This so induced flow caused

the formation of thicker and thinner parts of the rim, with the thicker parts being

located on the non-wettable patches. As a consequence, the rim was getting

narrower at locations in between non-wettable patches but wider across the

non-wettable patches. One has to note, provided that the contact angle stays

constant, i.e. that there is no contact line pinning, that width and height are directly

related, i.e. when a rim gets narrower it also reduces its height. This redistribution of

material along the rim, together with the advancement of the three-phase contact

line, led to the formation of fingers (see Fig. 2.6g) and eventually to the deposition

of droplets (see Fig. 2.6h).

In Fig. 2.7, we demonstrate the various stages in the formation and deposition of

droplets on the non-wettable patches, both using experimental results and a sche-

matic representation. In particular, the detachment process can be clearly seen in

Fig. 2.7d. As indicated in the scheme of Fig. 2.7b, two length-scales are relevant:

the characteristic distance (λ) between non-wettable patches and the local width (w)
of the rim. In the course of the dewetting process, the advancement of the contact

line got slowed down when a non-wettable patch was reached while at locations in

Fig. 2.7 (a–d) Optical micrographs showing the growth kinetics of a dewetting hole in a 40 nm

thick PS120k film 2 annealed at 220 �C. Time interval between snapshots is 660 s. The red discs
superimposed on the snapshots of the upper row help to visualise the underlying imprinted HDT

domains. In the lower row, schematic representations of the snapshots of the upper row are

presented. The light red discs represent again the imprinted HDT domains, while the dark red
discs represent such domains covered by a polystyrene droplet. The light (whitish) regions in

between represent the dewetted areas, limited by the dewetting rim represented in grey
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between these patches, it advanced steadily. For slipping polymer films the

dewetting velocity (v) depends inversely on w. Accordingly, a reduction of w for

locations in between patches led to a local increase in v. Eventually, at such
locations the rim became extremely thin while its width increased on the

non-wettable patches so that the gradients in Laplace pressure caused a strong

orthoradial flow along the rim until a droplet got detached from the moving rim

(Fig. 2.7d). The shape and morphology of the rim is governed by the locally acting

Laplace pressure (Γ). If Γ is constant along the rim, an almost symmetric rim profile

results, which can be schematically represented by a semi-cylinder. Variations of Γ
along the cylinder, generated by variations in the contact angle Θ, result in flow

along the cylinder and thus will cause corresponding variations in the width and

height of the rim.

In addition, the length-scale of the non-wettable pattern imprinted on the sub-

strate causes periodic fluctuation of the triple-line which, in turn, can trigger the

Plateau–Rayleigh type instability [23]. This instability amplifies most rapidly a

wavelength proportional to the width of the rim. All other wavelengths, even if they

were initiated by external stimuli, will thus loose the competitive growth and

eventually disappear. Based on this simple argument, we expect that a Plateau–

Rayleigh type instability will be most pronounced when the width of the rim is

comparable to the distance between imprinted HDT domains. It was shown both

experimentally [26] and theoretically [72] that the rim instability leading to the

formation of the droplets is characterised by a wavelength which is about 2.1 to 2.7

times the width of the rim. In the example shown in Fig. 2.6 the width of the rim is

around 4 μm. Accordingly, the Plateau–Rayleigh should yield a characteristic

wavelength of 8–11 μm. This length is compatible with the mesh size of the

imprinted non-wettable pattern.

Thicker films form broader rims. Thus, by adjusting the film thickness the

wavelength of the Plateau–Rayleigh instability can be increased even to values

larger than the distance between imprinted HDT domains. Accordingly, rims can

span over more than one imprinted HDT domain. Consequently, these domains

cannot act individually in stimulating a triple-line deformation like for narrow rims.

Laplace pressure will tend to establish a mean-curvature of the rim and thus will

dampen these deformations. In other words, Laplace pressure acting inside the

liquid rim is able to couple domains leading to collective movements of the triple

line averaged over neighbouring domains. Under such conditions, the mechanism

for droplet formation will be eliminated and deposition of micro-droplets stops.

In accordance with Fig. 2.5, when increasing the film thickness h further, the

number NHoles of nucleated holes per unit area decreased further (see Fig. 2.8).

Thus, the average distance between holes increased and the droplet deposition

process could be followed over longer distances, i.e. the number of deposited

droplets within a dewetted area increased. Interestingly, the width of the rim

was found to be almost constant in time because the fluid added in the course

of progressing dewetting was compensated by the continuous detachement of

micro-droplets.
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As can be seen in Fig. 2.8, all the many deposited droplets were replicating the

symmetry and the periodicity of the imprinted pattern of non-wettable patches.

Interestingly, the boundaries of the dewetted area containing all the deposited

droplets became straight, eventually forming a hexagonally shaped envelope

around the deposited droplets. This hexagonal shape became even more pro-

nounced when h was increased further as can be seen in Fig. 2.9. As can be seen

from Fig. 2.9d, eventually, the whole film was transformed into a regular array of

droplets all deposited onto non-wettable patches. Only faint shadows of lines,

where the dewetted areas coalesced, were visible.

While optical microcopy is certainly able to follow the droplet deposition

process clearly over large areas, atomic force microscopy (AFM) provides, besides

a higher lateral resolution, also detailed information on thickness variations gener-

ated by the dewetting process. In Fig. 2.10, the detachment process was visualised.

In particular, the flow of polymer molecules onto the patches can be identified

through the increase in height of the forming droplets. In the sequence of

Fig. 2.10c–f, one can clearly see that the maximum height of the two droplets,

which eventually got detached, increased significantly while the bridges, which

connected them to the advancing rim, progressively got thinner. It also can be

observed from Fig. 2.10 that the rim at the boundaries of the dewetted area was

always significantly lower in height than the final droplets. Thus, the droplets

effectively “suck-up” most of the polymers from the advancing rim. As a

Fig. 2.8 Optical micrographs of a PS120k film (ca. 50 nm thick) showing the top view morphol-

ogy of a dewetted region for annealing at 220 �C at increasing times. Time interval between each

snapshots is 260 s. The envelope of the dewetted region shows hexagonal symmetry

Fig. 2.9 (a–d): Top view schematic of the increase of the dewetted area in a ca. 70 nm thick

PS120k film annealed at 220 �C. Droplets were deposited regularly on the imprinted regions on the

substrate, schematically represented by red discs in (a). The time interval between the images is

300 s. The envelope of the dewetted region shows a hexagonal symmetry. (e) In the final state,

reached after ca. 1 h of annealing at 220 �C, all HDT domains were covered with a single PS120k

droplet
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consequence the rim did not grow in width during dewetting because the material

from the dewetted area was transferred and finally deposited as droplets onto the

non-wettable patches.

2.3.3 Thick PS120k Films (h> 60 nm)

Assuming that there exists an equilibrium contact angle Θ< π/2 for polystyrene on
the non-wettable patches, then there exists a maximum amount of polystyrene

which can be deposited on these patches. A deposited drop has the shape of a

spherical cap with a circular base of diameter 2a and a heightH. The volume of such

a cap is then V¼ π ·H · (3a2 +H2)/6. For small values of Θ (we have measured

values of Θ� 0.1), we can approximate the height H of the cap by H� a ·Θ. This
leads to a volume of approximately (in first order of Θ) V� π · a3 ·Θ/2. If all the
material from the area of one patch and the surrounding wettable gold surface

(together that approximates to an area of ca. π(2a)2!V� π · a3 ·Θ/2¼ 4πa2 · h) has

Fig. 2.10 (a) 2D and (b) 3D topographic AFM image (60� 60 μm2, height range is 250 nm) of a

hexagonal dewetted area in a 50 nm thick PS120K film annealed at 220 �C. (c–f): Topographic 3D
AFM images of successive stages of dewetting rim morphologies showing the growth dynamics at

220 �C of a dewetted area in a 50 nm thick PS120K film, focussing in particular on the detachment

process of droplets. The size along the y-axis of the images is 15 μm
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to be deposited on a single patch, this yield a maximum value for the thickness of

the film: hmax¼ a ·Θ/8. Plugging in the values used in this study (a¼ 5 μm and

Θ¼ 0.1), this yields a value of hmax¼ 63 nm. We note that this value is only an

approximation taking into account all the assumption made. It is interesting to note

that for h� hmax the average value of w (7� 1 μm) was very similar to the mesh size

of the domain pattern (8 μm).

For films thicker than hmax, not all the dewetted material could be deposited on

the non-wettable patches. Accordingly, in the course of dewetting the width of the

rim had to grow continuously as not all material could be left behind. As the rim

was getting wider, the variations in width induced by the non-wettable patches were

getting smaller and the orthoradial flow within the rim was reduced. Accordingly,

although the contact line was deformed with a period determined by the mesh size,

these undulations were never amplified and thus did not lead to droplet deposition.

Thus, it is not surprising that for films thicker than ca. 60 nm we observed a

transition to a third type of pattern generated by dewetting, where almost no

polymer was left behind in the dewetted area. In Fig. 2.11 we give a typical

example. It can be clearly seen that the width of the rim was significantly larger

than the period of the patches. Interestingly, as can be clearly seen in the AFM

Fig. 2.11 (a–d): Optical micrographs (120� 120 μm2) of a PS120k film (ca. 90 nm thick)

showing the top view morphology of dewetted area for annealing 180 �C (5 min time interval

between subsequent images). The rose discs in (a) represent schematically the imprinted

HDT-pattern. (e) Part of the dewetted area after ca. 60 min of annealing at 180 �C. (f). AFM
topography image (20� 20 μm2) of a section inside the dewetted area. No micro-droplets but

circular toroids have been deposited at the periphery of the imprinted domains. The toroids at the

periphery of the imprinted domains are attributed to polymers remaining after dewetting of the

PS120k film
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image shown in Fig. 2.11f, a little amount of polymer was left behind at the

periphery of the non-wettable patches, forming a regular array of toroidal structures

deposited on the patches. This observation suggests that polystyrene was somehow

anchored at the interface between the non-wettable domains of circular geometry

and the bare gold surface. As a possible explanation for such anchoring effect one

may identify the vertical component of the capillary force acting at the contact line

which locally may compete with the Laplace pressure, characterised by the local

slope of the polymer rim and the lateral driving force, i.e. the uncompensated

Young force characterised by the deviation of the dynamic contact angle from its

equilibrium value.

Occasionally also a fraction of a droplet or a whole droplet were deposited on

this patches. As one may expect, the probability for depositing full droplets

increased when decreasing h. In the example shown in Fig. 2.12, both deposition

modes can be observed, denoted by the yellow and red arrows. At locations between

patches where the width of the advancing rim became thinner than the diameter of

the patch, detachment of a droplet occurred. For the opposite case, i.e. when the

width of the rim was always wider than the diameter of the patches, the pinning of

the contact line of the retracting rim was not strong enough to keep all material on

the patch. As can be seen in particular in Fig. 2.12g, h, the contact line cut loose

from the patch and rapidly retracted to catch up with the more advanced parts of the

rim. Within less than ca. 100 s an almost straight contact line was achieved. This has

to be compared with the ca. four times slower mean retraction velocity of the rim.

In Fig. 2.13, we demonstrate that for an increase in film thickness the transition

from a regular array of deposited droplets to regularly deposited toroids is rather

Fig. 2.12 (a–d): Optical micrographs of a PS120k film (ca. 85 nm thick) annealed at 220 �C for

increasing times (time interval 200 s) showing the top view morphology of dewetted area for the

borderline case with only few droplets deposited on the substrate. The size of the images

is 52� 60 μm2. (e–h): Zoom-in into above images (time interval 50 s). The size of the images is

20� 23 μm2. The red arrows indicate the process of necking in the rim leading to the deposition

of a droplet. The yellow arrows point out the process of toroid formation where the rim drag most

of the PS120k molecules off the patch
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continuous. While for films of ca. 50 nm only droplets were deposited (see

Fig. 2.13a), almost exclusively toroids remained for a ca. 90 nm thick film (see

Fig. 2.13c). For films with a thickness in between these two cases, a coexistence of

droplets and toroids was observed (see Fig. 2.13b). It also can be seen that the

probability for droplet deposition was the highest at locations where the width of

the rim was the smallest, which typically were the corners of the hexagonally

shaped dewetted area. Interestingly, for the thickest films studied the width of the

rim around the dewetted area became rather uniform and approached a circular

shape (see Fig. 2.13c).

2.4 Conclusions

The experimental results presented here impressively demonstrate that a simple

dewetting process of a thin polymer film on a chemically patterned substrate allows

to transform a smooth layer of material into various structures. For increasing

thickness of the layer the chemical pattern produces the following sequence (see

Fig. 2.14): Cylindrical holes—droplets with the shape of a spherical cap—toroids.

The central element responsible for this sequence is the dewetted fluid collected

the rim, characterised mainly by its width w. Thus, w may be considered as the

crucial parameter determining the final 3D morphology. The volume V of this rim is

exclusively determined by polymer from the dewetted area, i.e. by the dewetted

distance and the thickness h of the film. w has to be related to the separation distance

of the non-wettable patches and the local contact angleΘ, taking into account thatΘ

Fig. 2.13 Characteristic optical micrographs for dewetted areas in a PS120k film having a

thickness of about (a) 50 nm, (b) 75 nm and (c) 90 nm. The second row shows a zoom-in into

the dewetted areas shown in the top row. The scale bars represent 100 μm (top row) and 25 μm
(bottom row), respectively
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is varying along the chemical pattern of the substrate. The area of a cross-sectional

area A of the rim is proportional to Θ and w, i.e. A¼w2 ·Θ. Accordingly, A is larger

on the non-wettable patches. During dewetting the contact line passes from a

weakly non-wettable surface to a less-wettable surface, requiring an increase in Θ
and thus an increase in A. When the rim is spanning regions of varying Θ, fluid will
be redistributed from the regions of lower values of Θ to the ones having a higher

value of Θ. Such induced flow will lead to a decrease of material on the more

wettable parts of the substrate and to an increase of material on the non-wettable

patches. For a given finite volume V, i.e. for a certain h, the thinning of the rim on

the more wettable regions of the substrate may even cause rupture of the rim at

these locations and thus cause the detachment of droplets. This is the case for films

with hmin< h< hmax. For films thinner than hmin, w is never getting so large that the

rim can span the region in between non-wettable patches. For films thicker than

hmax, the induced weak flow of material between different regions is not able to

create regions thin enough to allow for the detachment of droplets. Then, the shape

of the dewetted area, which is enclosed by a wide rim, becomes circular.

In summary, a dewetting process is capable to transform a featureless and

smooth film into a three-dimensional topography when a thin coating of finite

thickness is deposited onto a chemical two-dimensional wettability pattern. Of

course, the characteristic length-scale of the pattern and its periodicity are

reproduced in the topographical structure.
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Fig. 2.14 (a) Topographic AFM image (25� 25 μm2) of holes formed in a ca. 15 nm thick

PS120k film. The height range is 100 nm. Holes are circular with both a diameter and a surface

distribution identical to that of the imprinted domains pattern. (b) Topographic AFM image

(30� 30 μm2) of droplets formed in a ca. 50 nm thick PS120k film. The height range is 250 nm.

The circular droplets with a diameter identical to that of the imprinted domains are distributed

regularly on the substrate. (c) Topographic AFM image (30� 30 μm2) of patterns formed in a

ca. 90 nm thick PS120k film. The height range is 40 nm. Circular toroids with a diameter identical

to that of the imprinted domains are distributed regularly on the substrate. These toroids at the

periphery of the imprinted domains were generated by polymers remaining after dewetting at the

boundaries of the domains

40 S. Al Akhrass et al.



References

1. Xia, Y.N., Kim, E., Zhao, X.M., Rogers, J.A., Prentiss, M., Whitesides, G.M.: Science 273,
347 (1996)

2. Sirringhaus, H., Tessler, N., Friend, R.H.: Science 280, 1741 (1998)

3. Jager, E.W.H., Smela, E., Inganas, O.: Science 290, 1540 (2000)

4. Brochard-Wyart, F., Daillant, J.: Can. J. Phys. 68, 1084 (1990)

5. Reiter, G.: Phys. Rev. Lett. 68, 75 (1992)

6. Brochard-Wyart, F., di Meglio, J.-M., Quéré, D., De Gennes, P.-G.: Langmuir 7, 335 (1991)
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Chapter 3

Directing Convection to Pattern
Thin Polymer Films: Coffee Rings

Bo Li, James Iocozzia, and Zhiqun Lin

3.1 Introduction

In daily life, coffee rings are commonly seen after a droplet of coffee has dried on a

table or dish. The mechanism of this phenomenon was first proposed by Deegan in

1997 [1]. It was found that the “coffee ring” of solute (e.g., colloidal particles) was

formed because the suspended solutes were carried by radial flow towards the edge

due to larger evaporative flux at the contact line with the surface. For applications

such as surface coatings, it is generally desirable to have a uniform deposition of

material across the entire surface. Consequently, the coffee ring effect is a prob-

lematic issue for many applications such as inkjet printing. Thus, numerous studies

on evaporation-induced patterning of a droplet composed of volatile solvent and

nonvolatile solutes have been performed in an attempt to eliminate the coffee ring

effect entirely and thus enhance inkjet printing efficiency and quality. Though it

seems such a phenomenon would always be considered a nuisance, research into the

coffee ring effect has since redeemed it as both an interesting and useful property.

Drying droplets containing nonvolatile solutes (polymers, nanospheres,

nanoparticles, DNA, etc.) on a solid substrate have been utilized to yield self-

assembled structures (e.g., “coffee rings” [1], fingering instabilities [2], cellular

structures [3]), possessing dimensions from a few hundred nanometers and larger.

One simple route to such interesting structures, based on the coffee ring effect, is

the evaporative self-assembly of nonvolatile solutes from a sessile droplet on a solid

substrate [4]. However, these dissipative structures created by evaporation are often

irregular and not in equilibrium (e.g., randomly organized convection patterns

within the drop, and stochastically distributed multi-rings). Yet for applications in

microelectronics, data storage devices and biotechnology [5–8], it is prerequisite
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to achieve surface patterns with a highly ordered spatial arrangement at

large scale (square centimeters or larger). Therefore, fully controlling evaporative

self-assembly as a simple route to creating regular structures for various applica-

tions strongly depends on precise control over several factors, such as evaporative

flux, radial and Marangoni flow, and interactions between substrate and solutes.

To date, several studies have focusing on establishing a means of controlling the

drying process of an evaporating droplet to produce highly regular structures. For

example, controlled evaporative self-assembly (CESA) in a restricted geometry is a

simple, rational preparation route for the creation of microscopic structures having

high fidelity and regularity [9, 10]. In addition, flow-enabled evaporative-induced

self-assembly (FESA) stands out as an extremely simple route to creating intriguing

one- or two-dimensional structures. In this strategy, the evaporation flux and the

interfacial interaction between the solute and substrate are precisely controlled by

programmable motion of the substrate on a motorized linear translation stage,

thereby producing well-ordered structures with high fidelity and regularity.

In this chapter, recent progress on the theoretical study of a drying droplet both

with and without solutes is first reviewed. Then, the advances in highly ordered

structures crafted by controlled evaporative self-assembly are discussed. In partic-

ular, the focus is on controlled evaporative self-assembly in a “curve-on-flat”

geometry and flow-enabled evaporative-induced self-assembly (FESA).

3.2 Understanding “Coffee Rings”: Mechanism
and Theoretical Models

A ring-like deposition can be commonly noticed after the evaporation of a solution

composed of volatile solvent and nonvolatile solutes. In general, the formation of

coffee-ring structures of nonvolatile solutes at the contact line requires the com-

pletion of four steps:

(a) A capillary flow is generated towards the contact line by an evaporation rate

gradient at the air–solvent interface close to the contact line. It is noteworthy

that the first step is often referred to as the “coffee-ring” effect proposed by

Deegan in 1997 [1]. However, the entire four-step process is more accurately

described as such with this merely being the first part in an essentially iterative

process throughout the duration of evaporation.

(b) The solute is effectively transported by the radial flows to the contact line [4, 11].

(c) Due to the attraction between substrate and solute, the solute deposits and

forms a continuous line along the contact line. Simultaneously, the contact line

of the solvent is pinned at the deposition of the solute. This is known as the

“pinning” process.

(d) Due to the continuous evaporation of the droplet, the force induced by surface

tension of the extracted liquid surface overcomes the pinning force. As a

result, the contact line depins from the ring of deposited solute and jumps
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inward. This is known as the “depinning” process. As this process proceeds, a

concentric ring-like deposition pattern is left behind with each retreating

depinned contact line.

The formation of ring-like deposition pattern requires fulfillment of all the four

steps in sequence. Thus the “coffee ring” cannot form if any of the four steps is not

satisfied, thereby resulting in suppression of coffee-ring formation. The following

sections review the theoretical principles underlying each step as well as the related

experimental studies employing them.

In addition to a requisite series of steps, there are also three essential components

for the successful formation of “coffee-ring” structures. These include the volatile

solvent, nonvolatile solutes, and the substrate (Scheme 3.1). The influence of both

the nonvolatile solute and substrate on the flow inside a volatile solvent drop is

related to steps a and b, while the influence of volatile solvents and substrates to the
deposition of nonvolatile solutes is related to steps c and d.

3.2.1 The Evaporation Flux of a Droplet Evaporating
on a Substrate (i.e., Step a, the Evaporation Rate
Difference Along the Meniscus)

The evaporation of droplets has been studied for a long time [12], particularly, the

evaporation of an aerosol droplet in air [13]. Intuitively, one expects that the

evaporation rate of a spherical droplet, which is proportional to the surface area

and thus the radius of the droplet, decreases linearly with time. However, this is

only the case for evaporation of a spherical droplet in a vacuum [14]. From

experiments, it is found that the squared radius of a macroscopic droplet decrease

linearly with time [15]. The reason is that the evaporation is determined by the

diffusion of the solvent molecules into its quiescent gas phase, rather than

Scheme 3.1 The three

essential components for

the formation of “coffee-

ring” structures: volatile

solvent, nonvolatile solutes,

and substrate
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the vacuum [13, 16]. Notably, the evaporation flux of an aerosol droplet in air is

uniform all over its surface, which is given by the Hertz–Knudsen relation [16, 17]:

j ¼ α

ffiffiffiffiffiffiffiffiffiffi
kBTs

2πM

r
ρs � ρv

ρl
ð3:1Þ

where kB is the Boltzmann constant, Ts is the surface temperature,M is the mass of a

liquid molecule, ρs is the vapor density at the surface, ρv is the homogeneous vapor

density, ρl is the vapor density of the liquid, and α is the accommodation coefficient

describing the possibility of phase change, which normally has a value between 0.1

and 1 [18–20]. If the diffusion process is quasi-stationary and the temperature T is

homogeneous, then the density ρV of the vapor obeys ΔρV ¼ 0 with a fixed

boundary conditions ρV ¼ ρ1 far from the drop and ρV Rð Þ ¼ ρs just above the

interface [17]. To this end, the evaporative flux can be given by the simplified

equation [17]:

j ¼ j0
R

ð3:2Þ

where R is the radius of the droplet and j0 is the evaporation parameter defined as

j0 ¼ Dm

ρs � ρ1
ρL

ð3:3Þ

where Dm is the diffusion coefficient of the vapor molecules in the atmosphere.

From Eq. (3.2), it can be seen that the evaporation flux for a spherical droplet is

related to the droplet size [21]. Furthermore, the evaporative flux of a hemispherical

droplet on a substrate can also be assumed to be j ¼ j0
R . When the contact angle θ is

smaller than 90�, the evaporation flux was calculated by an analogous electrostatic

problem of a charged lens at fixed potential by Deegan [1]

j rð Þ / R� rð Þ�λ ð3:4Þ

where λ ¼ π � θ

2π � θ
, R is the radius of the pinned droplet, and r is the distance to the

center of a droplet. From Eq. (3.4), it can be seen that the evaporative flux increase

nonlinearly from the center of the droplet to the edge (i.e., the contact line).

Notably, when the contact angle is sufficiently small, λ will be ~0.5. Hence, the

evaporation of a thin droplet (i.e., with small contact angle) is analogous to the

evaporation of a thin film. This point is discussed later. Hu and Larson achieved

better fit for Eq. (3.4), given by [22]

j ¼ j0
J0 θð Þ
R

1� r

R

� �2
� ��λ

ð3:5Þ
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where

J0 θð Þ ¼ 0:27θ2 þ 1:30
� �

0:6381� 0:2239 θ � π

4

� �2
� �

ð3:6Þ

Importantly, for a droplet with contact angle larger than 90� (i.e., evaporation of a

droplet on a hydrophobic surface), the evaporative flux will be much different (as

shown in Fig. 3.1) [23]. When the contact angle is smaller than 90�, the evaporative
flux increases towards the contact line; when the contact angle is equal to 90�, the
evaporative flux is constant all over the surface; when the contact angle is larger

than 90�, the evaporative flux decreases when close to the contact line. A more

detailed study with similar results was also reported elsewhere [24].

It is noteworthy that the radius and volume change of a droplet [21, 25–28], and

the dynamics of the moving contact line [29–31] are of particular physical interests;

however, they are not discussed in this review. The discussion focuses only on the

evaporative flux along the surface of the droplet, which results in the radial flow

inside the droplet.

It has also been reported that thermal conductivity of the substrate can strongly

influence the evaporative flux throughout (Fig. 3.2) [32].

A distinct approach for describing the evaporation of volatile thin films can also

be employed for calculating the evaporation flux of a thin droplet (or a thin disc)

[33]. The difference between thin film and thin droplet is that the height (i.e.,

thickness) of a droplet changes with the distance to the center, while the thickness

of thin film is uniform. In this approach, the influence of the gas phase on the

evaporative flux is neglected. Thus, the liquid phase and vapor phase are decoupled

in the calculation. Such a model is referred to as a nonequilibrium one-sided

(NEOS) model while the abovementioned model developed by Deegan is referred

to as the lens model. Based on the Clausius–Clapeyron law [34], which is used to

relate the temperature and the pressure, the boundary condition at the liquid–gas

interface is given as [19]

5

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0
0 0.2 0.4 0.6 0.8 1 r/L

j / jp/2(L,T∞)
Fig. 3.1 Calculated

distributions of local normal

evaporative flux over the

droplet surface, L = 1 mm.

circles: θ = π/2; squares:
θ = 2π/3; triangles: θ = 2π/9
[23]. Adapted with

permission from ref. [23],

Copyright© 2012 Elsevier

Ltd
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j hð Þ ¼ 1

hþ K þW
ð3:7Þ

where K is the nonequilibrium parameter [35], W is the thermal effect given by

W ¼ kds
ksd0

, where k is the liquid thermal conductivity, ks is the thermal conductivity

of substrate, d0 is the liquid thickness and ds is the thickness of substrate. By

assuming that the shape of a droplet is still a spherical cap, the thickness h can

therefore be determined by r, the distance to the droplet center. Furthermore, the

evaporative flux is also dependent on the distance to the droplet center. According

to the lens model (i.e., Eqs. 3.4 and 3.5), the evaporative flux diverges at the contact

line. However, based on the NEOS model, for h ¼ 0 at the contact line, the

evaporative flux is still a finite number. The difference of evaporative flux predicted

by the two models is shown in Fig. 3.3 [35]. It can be seen that, in the lens model the

evaporative flux is significantly larger close to the contact line, compared to NEOS

model. In addition, for the evaporation of a water droplet on Si wafer, it was found

that the volume change with time predicted by NEOS model fitted the experimental

results well, while the lens model overestimated the volumes because of the

singularity of evaporation flux at the contact line [35].

Clearly, even though the lens model allows the prediction of evaporative flux

with contact angle ranging from 0� to 90�, the divergence of the evaporative flux at
the contact is not physically true and needs to be corrected [36]. One way to solve

this problem is to assume the formation of a thin film at the contact line region.

Therefore, the evaporation flux at the contact line can be calculated using the NEOS

model (i.e., Eq. 3.7) [37, 38]. It is noteworthy that the assumption of the presence of

Fig. 3.2 Summary of theoretically predicted values for the total evaporation rate of a droplet of

acetone, methanol and water of radius R = 1.35 mm on substrates of Al, Ti, Macor, and PTFE [32].

Adapted with permission from ref. [32], Copyright© 2009 Cambridge University Press
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a thin liquid film formed upon receding of contact line has been indirectly shown to

exist by using a grafted substrate [39].

The theoretical models of the evaporation of a droplet on a substrate have been

intensively studied during the past years [40–50]. However, the evaporative flux

along the droplet surface has been rarely measured experimentally. Typically, the

global evaporation rate over the entire surface of a droplet was provided in

experimental data. To this end, the singularity of evaporative flux at the contact

line remains a question. Thanks to the development of digital holographic interfer-

ometry, the local evaporative flux of an evaporating droplet can now be determined

(Fig. 3.4) [51]. It is clear shown that the evaporative flux did not significantly

increase close to the contact line and the evaporative flux at the contact line region

predicted by a modified lens model failed to show good agreement with experi-

mental results [51].

3.2.2 The Flow Inside of the Droplet (i.e., Step b)

It is straightforward that the evaporative flux at the contact line will result in radial

flow inside of a droplet to compensate the liquid loss at the contact line. However,

the flow inside of an evaporating droplet turns out to be more complicated. It was

found that radial flow, which facilitates coffee-ring formation, and Marangoni flow,

which reverses coffee-ring formation, could occur during evaporation and ulti-

mately lead to entirely different deposition patterns.

Fig. 3.3 Evaporative flux j of a water droplet as a function of the radial coordinate r predicted by

(a) the lens model and (b) the NEOS model. The solid red lines represent j, and the dotted lines
represent the corresponding drop profile [35]. Adapted with permission from ref. [35], Copyright©
2011 Cambridge University Press
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3.2.2.1 Radial Flow

During the drying of a sessile droplet, the mass loss of liquid evaporating from the

contact line is replenished by the migration of liquid from the interior, thereby

causing a radial flow which carries solutes towards the contact line in the process.

This is the reason for coffee-ring formation first noticed by Deegan in 1997 [1]. In

this work, the mass of solute accumulated at the contact line, M(R, t) was found to

follow the expression M R; tð Þe t1:37 [1], where t is the time of evaporation.

Furthermore, the expression of evaporative flux allows for the prediction of the

solute transport to the contact line v(r, t) (i.e., the velocity of the radial flow at time

t), which was given by the following equation [11]

v r; tð Þ ¼ �1

ρrh

ðr
0

r j rð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ∂h

∂r

� �2
s

þ ρ
∂h
∂t

0@ 1Adr ð3:8Þ

where ρ is the density of the liquid and h is the position of the air–liquid interface.

However, as the velocity of radial flow is obtained by the expression of evaporative

Fig. 3.4 Local evaporation rates versus r, the dimensionless radial distance to the center of a

droplet. The black dotted line shows experimental results while the others are calculated results

from models [51]. Adapted with permission from ref. [51], Copyright© 2014 American Chemical

Society
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flux, the singularity at the contact line remains problematic. To this end, Fisher

employed the NEOS approximation to determine the radial flow at the contact line

[52]. Notably, the evaporative flux was assumed to decrease exponentially near the

contact line due to the effect of solute deposition at the contact line, and the

evaporative flux expression was thus modified to [52]:

j hð Þ ¼ 1

hþ K
1� e�A r�1ð Þ2
h i

ð3:9Þ

By assuming the contact line was always pinned during evaporation, the velocity of

radial flow was given by

v ¼ � 1

Ca

∂
∂r

1

r

∂
∂r

r
∂h
∂r

� �	 

1

2
z2 � hz

� �
ð3:10Þ

where Ca is the capillary number and z is the vertical distance to the substrate. Thus,
the velocity vectors can be obtained (Fig. 3.5) [52]. In general, as the evaporative

flux was higher at the contact line, the capillary force created a radial flow towards

the contact line [1]. Moreover, Popov also proposed an analytical solution to the

evaporation of volatile solvent with low solute concentrations by assuming that

solute occupied finite volume [53]. In addition, both the height and width of the

deposition ring as a function of time were evaluated. By taking into account the

convection, diffusion, and adsorption of the solute, an extended model for

predicting the radial flow was developed with improved accuracy [36]. Notably,

the deposition pattern left by the evaporation of a droplet with an unpinned contact

line was also provided.

Recently the radial flow was measured experimentally using particle image

velocimetry (PIV) analysis [54]. Interestingly, the velocity of a radial flow

increased from zero at the center to its maximum at around 70 % of the radius of

the droplet, which remained pinned during evaporation (Fig. 3.6) [54]. Interest-

ingly, the intermediate radial position of maximum velocity within the droplet is not
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Fig. 3.5 Representative

streamlines and velocity

vectors for a pinned droplet

in which the evaporative

mass flux is given by

Eq. (3.9). Fluid flows from

the center of the droplet

toward the contact line [52].

Adapted with permission

from ref. [52], Copyright©
2001 American Chemical

Society
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considered in all the previously mentioned models. All previous models predicted a

maximum velocity at the contact line. Moreover, the maximum velocity increased

by an order of magnitude in the final moments of the pinned evaporating droplet.

According to experimental results, at the early stage of the evaporation of a droplet

the velocity can be well predicted by models that assumed evaporation occurs only

at the contact line. In contrast, in the final stage of droplet evaporation (at approx-

imately 70 % of the entire evaporation time) models that assumed evaporation

occurred uniformly over the entire droplet agreed well with experimental data [54].

To this end, it can be concluded that the theoretical models proposed by Deegan

[1, 4, 11], Fischer [52], and Popov [53] still provide good predictions of the

velocity of the radial flow at the early stage of evaporation. Furthermore, a similar

study also observed that the velocity of radial flow reached its maximum at an

inner radial position (at around 80 % of the radius of the droplet) from the contact

line, instead of at the contact line [55]. The concentration of solute was found to

strongly influence the velocity of the radial flow as it affects the viscosity of

solution [55, 56].

Fig. 3.6 Three-dimensional Spatiotemporal evolution of the flow field, measured just above

substrate, in an evaporating water droplet. Inset shows that the velocity vectors are those of a

radially outward flow [54]. Adapted with permission from ref. [54], Copyright© 2011 American

Physical Society
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3.2.2.2 Marangoni Flow

Marangoni flow was first described in the early 1900s [57]. The effect has been

observed for centuries and is the cause of the “tears of wine” phenomenon. The

effect is induced by a surface tension gradient resulting from a concentration or

temperature gradient along the liquid surface [58]. Different from the radial flow

induced by evaporative flux at the contact line, Maragoni flow is circular in nature

and carries solutes near the liquid surface inward toward the top of the droplet and

then plunges them downward to the bottom-center of the droplet where they are

carried along the substrate to the edge where they are recirculated back to the top

(Fig. 3.7) [59]. This surface tension-induced circular flow has been intensively

studied in interesting “self-organized” flat liquid structures called Bernard cells

[3, 60–62].

In an evaporating droplet, the nonuniform evaporation flux will produce a

temperature gradient, thereby generating a surface tension gradient along the

surface and inducing a Marangoni flow. To date, Marangoni flow has been observed

in various liquid droplets (e.g., ethanol, methanol, acetone) [63–65]. The theoretical

study of Marangoni flow was proposed by Pearson and Nield [66, 67]. The

Marangoni number (i.e., Ma) was introduced to characterize the importance of

surface tension forces caused by the temperature gradient. If the Marangoni number

exceeds a critical value, a Marangoni flow will be induced [68]. The Marangoni

number is defined as [69, 70].

Ma ¼ ΔγL
ηD

ð3:11Þ

where Δγ is the surface tension gradient, L is the size of the system where Δγ (i.e.,
surface tension gradient) exists, η is the viscosity of solution, and D is the diffusion

Fig. 3.7 Flow field in a drying octane droplet: (a) imaged experimentally, and (b) predicted. To
observe a clear Marangoni vortex, the illumination plane was moved forward about 0.66 mm from

the symmetrical axis of the droplet [59]. Adapted with permission from ref. [59], Copyright© 2006

American Chemical Society
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coefficient of solvent. It is important to note that Marangoni flow can be strongly

influenced by the contact angle of a droplet and that this is not considered in

Eq. (3.11) [71].

However, it remains questionable as to whether the Pearson–Nield model can be

accurately applied to volatile liquid systems [72]. This is because experimental

results show that energy is transported from the vapor phase to the liquid–vapor

interface which is opposite to the assumption made in the Pearson–Nield model.

Moreover, it was predicted that thermally driven Marangoni flow would exist in an

evaporating water droplet, which was not observed in experiments [58, 73]. The

suppression of Marangoni flow in a water droplet may be attributed to the surfactant

contaminants [74]. In addition, whether the temperature at the contact line is cooler

than the top of the droplet is also unclear [11, 75].

Almost all the circular flow observed in evaporating droplets can be attributed

to Marangoni flow. However, it was found recently that Rayleigh convection can

also induce circular flow inside of a water droplet on a hydrophobic substrate

(Fig. 3.8) [76]. Rayleigh convection is generated by the concentration gradient of

solutes (e.g., NaCl) induced by the evaporation of water droplet [76].

Fig. 3.8 Flow inside evaporating droplets with different NaCl concentrations: (a) 0.01 wt%

(evaporation time (ET) ~ 39 min); (b) 0.1 wt% (ET~ 45.7 min); (c) 1 wt% (ET~ 50.5 min); and

(d) 10 wt% (ET ~ 63 min). Exposure time was 20 s for (a), (b), and (c) and 2 s for (d). The substrate
was placed on a glass substrate coated with the amorphous fluoropolymer Teflon [76]. Adapted

with permission from ref. [76], Copyright© 2013 American Institute of Physics
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3.2.3 The Pinning and Depinning of the Contact Line
(i.e., Steps c and d)

Due to radial flow carrying solutes towards the contact line, the solutes deposit and

form a coffee ring-like pattern resulting in the pinning of the contact line and

preventing its recession inwards during evaporation. In some circumstance, even

though solutes are successfully transported to the contact line by radial flow and

negligible Marangoni flow, the solutes may still not be able to deposit onto the

substrate. This in turn fails to pin the contact. As discussed in Scheme 3.1, either the

interaction between the solutes or the interaction between the solutes and substrate

will affect the deposition of solutes on the substrate, thereby determining the

pinning of the contact line. For example, if the spherical colloidal particles are

replaced by elongated ones, a uniform deposition will be left after evaporation of

the droplet, because of the jamming of a monolayer of elongated colloids at the

surface of the droplet suppressing the “coffee-ring” formation [77]. Moreover, by

changing the colloidal particle surface charges or van de Waals interactions

between particles, the coffee-ring formation can also be suppressed [78]. If there

is a repulsion between substrate and solutes (i.e., negative Hamaker constant), the

solute transported to the edge will move with the receding contact line and no

deposition is observed. In contrast, rather than coffee-ring pattern, strong attractions

between solutes and substrate (i.e., DLVO interactions) yielded uniform deposition

of solutes on the substrate [79, 80].

Depinning is the process whereby the liquid phase detaches from the deposited

solute ring. However, detailed theoretical studies of the depinning process have not

yet been reported [53]. The mechanism of the depinning process is straightforward.

The depinning force is determined by the surface tension of the liquid meniscus at the

contact line. During the evaporation process, the depinning force gradually increases

while the contact angle continues to decrease until a critical contact angle is reached.

Upon further decreasing of the contact angle, the pinning force at the contact line

cannot compensate the depinning force, and as a result, the droplet edge depins from

the contact line and moves back [81]. Recently, by programmable crafting solute (i.e.,

diblock copolymer micelle) stripes with a series of different widths, it was found that

the pinning force is proportional to the width of the deposited ring [82]. The increase

of the width of the deposition ring (i.e., stripe) leads to the decrease of the critical

contact angle and an increase in the depinning force.

3.3 Controlling “Coffee Rings”: Highly Ordered
Structures by Controlled Evaporation

Pinned drying droplets containing nonvolatile solutes (e.g., polymers, viruses,

DNAs, microspheres, nanoparticles, carbon nanotubes) yield intriguing one or

two-dimensional patterns after complete evaporation of solvent. To date, there
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have been several impressive studies investigating the use of evaporation to form

well-ordered structures rapidly and cheaply over large areas by deliberately con-

trolling the evaporation process [9, 81, 83–95]. Notably, several approaches have

been successfully used to generate patterns by confining the evaporating solution in

different geometries, such as cylindrical tubes [96, 97], crossed cylindrical mica

[98], “curve-on-flat” geometry and nearly parallel-plate geometry. Here we only

focus on the last two approaches and review the recent progress.

3.3.1 Controlled Evaporative Self-Assembly
in a “Curve-on-Flat” Geometry

Controlled evaporative self-assembly in a “curve-on-flat” geometry has been shown

as a simple, rational preparation route for the creation of microscopic structures

having high fidelity and regularity [9, 10, 99, 100]. If a droplet of solution is

allowed to evaporate in a “curve-on-flat” geometry composed of a curved upper

surface situated on a flat substrate (i.e., forming a capillary-held solution), self-

assembled structures of high regularity can be generated [101]. Similar to the free

evaporation of a droplet on substrate, the evaporation flux also reaches its extremity

at the region close to the contact line, leading to highly ordered deposition due to

the geometrical restriction [9, 10, 81, 93, 95]. In addition to concentric rings of

polymers, nanoparticles [81, 102], carbon nanotubes [90], graphenes [103], and

other ordered yet complicated structures can also be produced in the “sphere-on-

flat” geometry, including spokes [81], fingers [92, 93], “snake-skin” [104], and

serpentines [91] by carefully tuning the experimental parameters such as the

concentration and the interaction between solutes and substrates.

Due to the various potential applications of poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) in light emitting diodes

(LED), photovoltaic cells (PVCs), and thin-film transistors (TFTs) [105], the

synthesis of highly regular concentric rings of MEH-PPV has been investigated

by controlled evaporation in a sphere-on-flat geometry (Fig. 3.9) [9]. Since the

slowly drying front is arrested (pinned) in the geometrical restriction, the evapora-

tion flux reached the extremity at the region close to contact line. During the

evaporation of the solution, the contact line was pinned by MEH-PPV deposition

(i.e., “stick”), thereby yielding the formation of a MEH-PPV “coffee ring.” The

contact angle gradually decreased to a critical contact angle, at which point the

depinning force overcomes the pinning force leading to the contact line jumping

inward to a new position where the initial contact angle is restored (i.e., “slip”). As

shown in Fig. 3.9b, the “slip” distance (i.e., λc ‐ c) slowly decreased with increasing

proximity to the sphere/Si contact center. Notably, theoretical predication of the

height of the concentric rings based on the Navier–Stokes equation with lubrication

approximation provided a good agreement with the experimental data [9].

In addition, the solution concentration and solvent vapor pressure were also

found to have strong influence on λc ‐ c and the heights of concentric rings [9].
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It is also noteworthy that, due to the applications of organometallic polymer in

magnetic data storage [106–108], photonic devices [109, 110], and redox-active

materials [111, 112], highly ordered concentric rings of organometallic polymers

(e.g., poly(ferrocenyldimethylsilane) (PFDMS)) was also obtained by confining

PFDMS/toluene solutions in sphere-on-flat geometry [89, 95]. The subsequent

pyrolysis of concentric PFDMS rings yielded ferromagnetic ceramics containing

α-Fe nanoparticles [113]. Interestingly, once the low concentration PFDMS toluene

solution was used for pattern, the PFDMS rings would break into dots due to the

surface tension-driven Rayleigh instability at the contact line [89, 95].

Quantum dots (QDs) are highly emissive nanoparticles [114–116] due to their

quantum-confinement property, offering promising opportunities in light emit-

ting diodes (LED) [117–120], photovoltaic cells (PVCs) [121–123], biosensors

[124–126], and bio-imaging [127, 128]. By passivation of the vacancies and trap

sites on CdSe surface with ZnS, the prepared CdSe/ZnS core/shell QDs have bio-

applications [129, 130] due to their strong photoluminescence [131–133]. To this

end, QDs with two sizes (i.e., 4.4 and 5.5 nm in diameter) were prepared by

passivation with a monolayer of tri-n-octylphosphine oxide (TOPO) to enhance

solubility in toluene while retaining the spectroscopic properties and preventing

Fig. 3.9 (a) Upper left: Schematic cross section of a capillary-held solution containing a nonvol-

atile solute placed in a “sphere-on-flat” geometry. X1, X, and X0 are the radii of outermost,

intermediate, and innermost rings from the sphere/flat contact center, respectively. Upper right:
close-up of the capillary edge marked in the left panel. (b) Bottom left: Digital image of entire

gradient concentric rings formed by the deposition of MEH-PPV in the geometry shown in (a).
Bottom right: A small zone of the fluorescent image of MEH-PPV rings in red is shown. Scale

bar = 200 mm. As the solution front moves inward, the rings become smaller and the height

decreases as illustrated in lower left schematic [9]. Adapted with permission from ref. [9],

Copyright© 2006 American Physical Society
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aggregation [81]. Notably, the evaporation-induced self-assembly of larger

CdSe/ZnS core shells QDs (i.e., 5.5 nm in diameter) yielded concentric rings

through the use of sphere-on-flat geometry confinement [81]. It was also found

that the presence of excess surface capping ligand TOPO lead to no concentric

ring pattern formation. Whereas concentric rings formed using larger QDs under

optimized conditions, spokes were generated exclusively during the drying of the

solution when smaller QDs were used (i.e., 4.4 nm in diameter) (Fig. 3.10).

The formation of spokes was caused by fingering instabilities at the liquid front

[84, 134–136]. The reason for the distinct deposition patterns formed by large

and small QDs was attributed to the moving speed of the liquid front during

evaporation [81]. The slow moving speed induced fingering instability at the

liquid front [135]. However, a theoretical model for the stripe-spoke transforma-

tion has not been proposed.

Moreover, gradient concentric rings (i.e., stripes) of asymmetric comb block

copolymer (CBCP) were yielded by constraining CBCP toluene solution in a

wedge-on-flat geometry during evaporation (Fig. 3.11) [10]. The height of the

wedge strongly affected the deposition pattern of CBCP. In general, large wedge

height lead to straight stripes of CBCP while small wedge heights lead to jagged

stripes [10]. Intriguingly, hierarchically ordered patterns of CBCP were produced

Fig. 3.10 (a) Formation of spoke patterns upon evaporation from the capillary bridge in the

sphere-on-flat geometry. (b) Optical micrograph showing the spokes formed by drying 4.4-nm

CdSe/ZnS toluene solution (c = 0.25 mg/mL). The scale bar is 100 mm. The arrow on the upper
left indicates the direction of the movement of the solution [81]. Adapted with permission from

ref. [81], Copyright© 2007 WILEY-VCH
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by subsequent solvent vapor annealing, because that solvent vapor induced unfa-

vorable interfacial interaction between CBCP rings and the Si substrate lead to the

destabilization of CBCP substrate at the microscopic scale [10]. Moreover, within

the microscopic stripes, CBCP phase separation was observed at the nanoscale (i.e.,

CBCP nanocylinders). The nanocylinders oriented either vertically or horizontally

to the substrate, depending on the vapor annealing time.

On the other hand, chemically patterned surfaces consisting of gradient stripes of

poly(methyl methacrylate) (PMMA) segments created by a wedge-on-flat geometry

can be used for directing hierarchical ordered block copolymer structures [137]. First,

PMMA stripes were generated by controlled evaporation in the wedge-on-flat geom-

etry; then PMMA segments (i.e., ultrathin PMMA stripes) chemically adsorbed on the

Si substrate were obtained after extensive washing with solvent. Finally, asymmetric

diblock copolymer, polystyrene-block-poly(ethylene oxide) (PS-b-PEO) thin filmwas

spin-coated on the prepared chemically patterned surfaces. After mixed-solvent vapor

annealing, PS-b-PEO stripes would segregate on the ultrathin PMMA stripes [137].

Such chemically patterned surfaces may serve as templates for incorporating other

functional nanomaterials or studying cell adhesion [137].

Due to promising applications in photonics, biosensors, electronics, and solar

cells, conjugated polymers (e.g., poly(3-hexylthiophene) (P3HT) and poly(3-

butylthiophene) (P3BT)) have attracted great attention. To this end, stripes of two

conjugated homopolymers (P3HT and P3BT) and one all-conjugated diblock

copolymer (P3BHT) were crafted by controlled evaporation in a cylinder-on-flat

Fig. 3.11 (a) Schematic illustration of the wedge-on-flat geometry on a silicon surface. The

height of the wedge, H was 1000 μm. (b) Stepwise representation of the morphological evolution

of CBCP stripes as a function of solvent vapor annealing: first panel, as-prepared; second panel,
annealed for 5 h; third panel, annealed for 10 h; last panel, annealed for 15 h. (c) Schematic

illustration of the wedge-on-Si geometry with H of 500 μm. (d) Stepwise representation of the

morphological evolution of CBCP stripes as a function of solvent vapor annealing time: left panel,
as-prepared; central panel, annealed for 12 h; right panel, annealed for 16 h [10]. Adapted with

permission from ref. [10], Copyright© 2013 American Chemical Society
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geometry (Fig. 3.12). Due to the different interfacial interactions between conju-

gated polymers and substrate, microscopic stripes (straight or wavy) consisting of

nanoscale fiber-like or nodule-like domains were formed. Furthermore, the

improved crystallinity of all-conjugated diblock copolymer stripes by vapor

annealing could lead to a fourfold increase in electrical conductivity [138]. In

addition, hierarchically assembled structures can be realized such as amphiphilic

diblock copolymer (poly(styrene)-block-poly(4-vinylpyridine) (PS-b-P4VP))
stripes produced via controlled evaporation in a cylinder-on-flat geometry. Such

stripe structures processed morphology on the microscopic scale as well as self-

assembly of PS-b-P4VP micelles arrays on the nanometer scale [139].

In addition to synthetic polymer structures, highly aligned DNA nanowires (i.e.,

spokes) were successfully created by confining aqueous DNA solutions to a curve-

on-flat geometry (i.e., sphere-on-flat or cylinder-on-flat) during evaporation

(Fig. 3.13) [140]. Unlike coffee-ring structures (or stripes), DNA nanowires formed

perpendicular to the contact line. The extremities of DNA were able to anchor to the

Fig. 3.12 Representative AFM height images of conjugated polymer stripes taken in the three

different regions (X1�X3). (a–c) P3HT; (d–f) P3BT; (g–i) P3BHT. X1 is the outermost region, X2

is an intermediate region, and X3 is the innermost region, where X is the distance away from the

cylinder/flat substrate contact. Image size = 80� 80 μm [2]. Z range = 400 nm for (a, d, g); 300 nm
for (b, e, h); and 200 nm for (c, f, i) [138]. Adapted with permission from ref. [138], Copyright©
2013 WILEY-VCH
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hydrophobic substrate under certain range of pH. Thus, analogous to aligning

seaweeds on the beach during the ebbing tide, DNA molecules were preferentially

accumulated at the fingers of the liquid front and stretched straight by the capillary

force exerted on DNA molecules during the recession of contact line [140]. In

addition, it was also found that the pH and temperature of aqueous DNA solutions

strongly influenced the formation of DNA nanowires. For example, increasing the

pH of the solution lead to a transition from spoke-like patterns to coffee-ring-like

patterns [140].

In general, controlled evaporative self-assembly in a “curve-on-flat” geometry is

a simple, rational preparation route for the creation of ordered self-assembled

structures having high fidelity and regularity. The confinement of evaporating

solutions turns out to be an effective means of achieving regular patterns. However,

a restricted geometry always results in regular pattern with gradient parameters

(e.g., progressive decrease in center-to-center distance between the deposits (λc-c)
as the solution front moves to the center of the restricted geometry). Furthermore,

the variables that dictate the formation of regular patterns are limited by the choice

of concentration, temperature, and solvent at the outset of an experiment.

3.3.2 Flow-Enabled Self-Assembly in Two-Plate Geometry

The concept of flow coating came from “slot coating,” which has been widely

used in the coating industry since 1960s [141–145]. The thickness of the coated

liquid layer is set by the prescribed flow rate fed into the coating die and is

Fig. 3.13 (a) Schematic illustration of sphere-on-flat geometry (side view), where a drop of DNA
solution is constrained, bridging the gap between the spherical lens and the PMMA-coated Si

substrate (i.e., a thin PMMA film was spin-coated on HMDS-coated Si). (b) Schematic illustration

of formation of DNA spokes (top view). (c) A small zone of DNA spokes (dashed box in b)
obtained at pH= 6.2, T= 65 �C, and DNA solution concentration = 8 μg/mL, emitting green

fluorescence. Scale bar = 300 μm [140]. Adapted with permission from ref. [140], Copyright©
2013 American Chemical Society
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independent of other process variables. This makes this method ideal for

high-precision coating. Starting in the late 1990s, the National Institute of Stan-

dards and Technology (NIST) developed the flow coating technique for producing

gradients. Termed “flow coating,” it is a modified blade-casting technique

[146–149]. In a typical flow coating process a highly concentrated polymer

solution (1–5 % mass fraction) is injected into the gap between a doctor blade

positioned over a flat substrate (e.g., silicon wafer) mounted on a computer-

controlled translation stage [147].

If the concentration is low, rather than thin films dissipative structures

(e.g., convection patterns, fingering instabilities) are produced [87]. Such work

was subsequently used to topographically control neurite extension on stripe-

patterned polymer films [150], fabrication of periodic micro-structured honeycomb

films having multiple periodicities, and polymer nanoparticles [151]. Large-

scale ordering was observed. This was defined by the periodic thickness modu-

lation of a block-copolymer film due to the self-organization of the receding

contact line [152].

For example, hierarchically assembled amphiphilic diblock copolymer (e.g., PS-

b-P4VP) micelles were successfully produced by subjecting PS-b-P4VP micelles

solutions to evaporate in between two nearly parallel plates [82]. Unlike the curve-

on-flat geometry, the lower substrate was mounted on a programmable motorized

linear translational stage. Highly regular and parallel threads of PS-b-P4VP
micelles were crafted by a “stop-and-move” procedure [82]. First, the lower

substrate remains still for a period of time (i.e., “stop”) to allow a thread of micelles

to form at the contact line. Then the lower substrate is moved (i.e., “move”) at high

speed to the next position set by computer, allowing for the generation of the next

thread. Thus, periodic parallel threads can be created by these repeated “stop-and-

move” cycles. In general, longer stopping times lead to larger widths of threads.

Larger move distance leads to larger spacing between threads. Importantly, both

the stopping time and the move distance can be controlled, thereby yielding

programmable deposition patterns on the substrate (Fig. 3.14). Notably, by vary-

ing the stop time, monolayer and monolayer/bilayer thickness threads can be

crafted [82]. Interestingly, by controlling the formation of threads using the

substrate, the jumping distance of a depinned contact line can be measured [82].

In addition, the precisely positioned PS-b-P4VP micelles can be converted into

⁄�

Fig. 3.14 (continued) micrographs of periodic threads of PS-b-P4VP micelles formed on the Si

substrate by flow-enabled self-assembly (FESA) based on the program designed in (a). The scale
bar = 500 μm. Representative AFM images of (c) four threads (i.e., two monolayers and two

coexisting monolayers/bilayers), (d) single thread containing a monolayer of PS-b-P4VP micelles,

and (e) single thread containing a coexisting monolayer/bilayer of PS-b-P4VP micelles (i.e.,

monolayers at both edges with and bilayer in the center). Corresponding height profiles of (f)
the monolayer-thick thread in (d) and of (g) the monolayer/bilayer-thick thread in (e). (h) Encoded
thread pattern on the substrate representing the first sentence of the traditional Chinese song

Jasmine. The image sizes are 80 μm� 80 μm in (c), 800 nm� 800 nm in (d), and 3 μm� 3 μm in

(e) [82]. Adapted with permission from ref. [82], Copyright© 2014 American Chemical Society
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Au nanoparticle arrays by exposing PS-b-P4VP micelles to Au precursors under

oxygen plasma.

An important distinction to be made is that instead of being induced by sponta-

neous evaporation of solvent, the movement of the contact line will be controlled by

the motion of the lower substrate, resulting in a programmable “stick–slip” motion

in FESA. Therefore, ordered patterns (e.g., thin films, stripes and spokes) can be

readily produced in a controllable manner. Notably, the transition between the

different patterns may be observed by gradually tuning each variable individually

(e.g., velocity of lower substrate). The influence of each variable on the evaporative

self-assembly process can also be scrutinized separately.

3.4 Conclusions and Outlook

In this chapter, an overview of the mechanism of “coffee-ring” formation; including

theoretical studies on evaporative flux of a volatile droplet, radial and Marangoni

flow inside a droplet, and the pinning and depinning process during evaporation,

were provided. In addition, highly ordered structures created by confining evapo-

ration in restricted geometry were reviewed. The ability to craft well-defined,

dissipative structures from a variety of materials at low cost opens up avenues to

novel advanced functional systems and devices in the near future.
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Chapter 4

Nanopatterns Produced by Directed
Self-Assembly in Block Copolymer
Thin Films

Virginie Ponsinet

4.1 Introduction

For the last 30 years, block copolymers (BCP) have held the promises of new

functional nanomaterials due to their fascinating spontaneous spatial organization

as well as their complex properties, combining those of the individual blocks. The

pathway is long, starting at the first synthesis mastered in the 1950s [1], travelling

through full thermodynamics descriptions [2], the discovery of industrially viable

synthesis technologies [3], and the first patents in one of the expectedmost appealing

applicative fields [4]. This path still has obstacles and challenges ahead before block

copolymer nanostructures really come out of the research laboratories. Until then,

and for many more years, BCPs will keep researchers busy and amazed by their

capacities to spontaneously produce chemically and topographically patterned

surfaces [5]. Block copolymers nanopatterning is only one of the many opportunities

offered by macromolecules at interfaces as detailed in the other chapters of

this book, as well as previous enlightening literature [6]. But they indisputably

present many advantages compared to alternative methods for the production of

nanopatterned surfaces, including the tunability of size and morphologies of the

domains, the ease of processing on many types of surfaces and the possibility to

smarten the systems up with chemical functionalities. Theoretical and experimental

tools have been readily derived from that developed for interfacial phenomena in

mixed polymer systems [7]. The block copolymer thin film morphologies therefore

offer a genuine technological platform for the generation of surface nanopatterns as

well as ordered thin films, for a wide range of possible applications (cf. Fig. 4.1)

mostly in optics, or based on their templating possibilities [8–10]. Two specific thin
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film morphologies are particularly attractive, presenting high degree of order and

uniaxial symmetry: the lamellar phase in parallel (homeotropic) alignment, which

constitutes easily produced well-ordered and periodic multilayered slabs, and the

phase of hexagonally packed cylinders in perpendicular orientation, from which can

be obtained patterns of cylindrical nanodots or nanopores. The latter structures have

attracted a lot of attention, with applications including high-density storage media

[11, 12], lithographic masks [13–17], nanofluidics [18], separation membranes

[19, 20], templates for nanorods synthesis [21, 22], enhanced patterned LEDs

[23]. As it becomes obvious below, many research efforts have been devoted to

the control of this orientation.

Extensive and excellent literature [24, 25], can be found on block copolymers

and their microphase separation. After a brief reminder of some necessary bases,

we will focus here on the conditions allowing to access specific patterns at the free

surface of a thin film. This concerns mostly really thin films, a regime in which

the film structure will be strongly affected by its interfaces on the one hand, and

by the commensurability of the film thickness Twith a (small) integer number of do,
the size of the microphase separation-induced period. This natural nanoscopic

dimension do constitutes a strong, almost inflexible constraint on the nanostructure

of block copolymer materials, whatever their shaping, which will have specific

consequences in the case of thin films.

Fig. 4.1 Schematic of various applications of BCPs in nanotechnologies. Reprinted from ref. [8],

Polymer 2003, 44, 6725, Copyright 2003, with permission from Elsevier
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4.2 Microphase Separation of Block Copolymers

Block copolymers are the result of covalently linking two or more polymer chains,

each called a block. A diblock copolymer is A-A-. . .-A-A-B-B-. . .-B-B or An-Bm,

where the polymerization degrees n and m are typically between 10 and 105. The

nature of the monomers (A or B) can be chosen within a very wide range of

chemical functions, made available by the development of many different synthetic

techniques [26]. Thanks to the high degree of control of the copolymer synthesis

techniques, block copolymers containing two distinct monomers A and B can also

have various architectures, such as linear diblock (An-Bm), triblock (An-Bm-An),

pentablock (An-Bm-Ap-Bm-An), multiblock (An-Bm)p, and star diblocks (An-Bm)pX.
With a third ingredient C, linear An-Bm-Cp, An-Cm-Bp, and Bn-Am-Cp triblocks,

multiblocks (An-Bm-Cp-Bm-An, etc. . .) and three-armed stars can be obtained, for

instance. For the sake of simplicity, we will focus here on the cases of diblock

copolymers, composed of two linear blocks of different chemical nature and linked

covalently at one of their extremities. The properties of block copolymers with

alternative architectures (multiblocks, branched copolymers, etc.) can be to some

extent extrapolated from those of diblocks, although they are not nearly as well

understood [24].

In the Flory–Huggins description of polymer melt thermodynamics, the interac-

tions between segments, depending only on the local concentration of the different

types of chemical functions, constitute the enthalpy contribution, whereas the

entropy is a non-local contribution, depending on the number of allowed confor-

mation of the entire copolymer chains [27, 28]. Entropy is related to elasticity

and will be optimized when all tensions are released within the chains.

Most polymers are incompatible with one another and phase separate in a

blend. This is also true for the distinct blocks of a block copolymer, but because

they are covalently linked, they can segregate only as far as the size of the

macromolecule itself: this is called the microphase separation and results in

the formation of domains of each block [2, 29, 30], in the melt. They are called

microdomains, although they actually present nanoscale dimensions: from a few

nanometers to a few hundred nanometers depending mostly on the length of the

copolymer chain. This segregation at equilibrium occurs when the enthalpic gain

of avoiding contact between incompatible blocks overcomes the associated entro-

pic loss. For a diblock An-Bm, the two terms in the free energy depend only on the

dimensionless Flory–Huggins interaction parameter χ specific of each monomer

pair (A,B) and characterizing their incompatibility, the total polymerization

degree N¼ n +m and the volume fractions of the blocks fA and fB¼ 1� fA.
The balance of these two terms in the free energy defines a transition line, similar

to the binodal in a blend, called the order–disorder transition (ODT). “Disorder”

refers to the homogeneous solid in which all blocks are mixed, when χN is small

and the entropy wins. Low values of χN can be obtained for any (A,B) pair when

N is small; or at high temperature (since χ decreases when the temperature

increases). Inversely, in order to reach high values of χN with short polymer
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chains, strong incompatibility (high χ) is needed. “Order” refers to the segregated
systems, in which the macrodomains form equilibrium organized structures.

In the case of the lamellar phase, the free energy can be approximated to two

contributions, the stretching energy and the interfacial energy, respectively:

FL

kT
¼ 3

8

d

a N1=2

� �2
þ γAB

kT
Σ ð4:1Þ

where the interfacial energy is

γAB ¼ kT
χ

6

� �1=2
a�2 ð4:2Þ

and the total interface area

Σ ¼ 2
N a3

d
ð4:3Þ

with a the size of one segment of the chain, d, the layer thickness. Equating FL with

the disordered copolymer melt free energy Fdis ¼ fA 1� fAð ÞχN, at the order–

disorder transition (ODT), leads to χN ~ 10, independently of the chemical details of

the considered system. Near this value lies the weak segregation limit, while far

above χN¼ 10 is the strong segregation limit. In this latter regime, the interfaces

between microdomains are sharp and well-defined [31].

The morphological phase diagrams of diblock copolymers present four

equilibrium symmetries: body-centered cubic array of spherical cores (S-bcc),

bicontinuous gyroid (G), hexagonally packed cylinders (C), and lamellae (L),

which are selected mostly in relation with the volume fractions of the blocks fA
and fB¼ 1� fA, due to interfacial curvature effects [2, 29]. These four phases

exhibit long range order of dimension 3, 2, 3 and 1 respectively. With ABC

triblocks, a much richer (more than 30) variety of phases [24] can be obtained

in the bulk, as for example the striking 2D “knitting pattern” [32] (Fig. 4.2).

When the diblocks are close to being symmetrical ( fA ~ fB ~ 0.5), the volumes

occupied by both blocks on either sides of the interface are comparable, and the

interface tends to be flat. This leads to a lamellar phase composed of a periodic

stack of alternating slab-shaped microdomains extending infinitely in two direc-

tions. The period do of this stack, of the order of twice the extended length of the

copolymer chain, correspond to the equilibrium conformation of the macromole-

cules and can hardly be modified for a given copolymer. This equilibrium period do
is simply the result of the minimization of Eqs. (1–3), reading [33, 34],

do ¼ 2N2=3a
1

3

χ

6

� �1=2
� �1=3

ð4:4Þ
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The easiest way to vary do is certainly by changing the total polymerization degree

N of the copolymer [35]. But playing with the Flory–Huggins parameter χ, either
through temperature [34], or initial monomer choices, or diblock chemical compo-

sition is also considered [36]. Typically, do is easily obtained between 30 and

120 nm with commercially available BCPs, while going below 30 nm or beyond

120 nm may require tailor-made products.

4.3 Block Copolymer Thin Films

As was described before, the equilibrium nanostructures of BCP melt (dry) state are

completely controlled by thermodynamics and do not depend on the processing or

shaping of a sample. However, the pattern actually exhibited at the surface of a BCP

thin film, and the nanostructure organization throughout the thickness of the film, can

depend on the shaping and boundary conditions, even at thermodynamic equilibrium.

Therefore, the control of orientation of ordered copolymer phases is an important part

of the research effort aimed at developing functional surfaces or thin films

[37]. This part of the research has benefitted from methodologies adapted from liquid

crystal studies, in which the alignment of anisotropic liquids in thin films is required

for both fundamental experimental work and applicative developments [38].

Fig. 4.2 (a) Transmission electron micrograph of a polystyrene-block-poly(ethylene-co-butyl-

ene)-block-poly(methyl methacrylate) (SEBM) triblock copolymer, stained with RuO4, presenting

the morphology called the “knitting pattern.” Bar¼ 0.5 μm. (b) Schematic description of the

triblock chain conformation within the unit cell. Adapted with permission from ref. [32], Macro-

molecules 1998, 31, 135. Copyright 1998 American Chemical Society
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The equilibrium nanostructures, while presenting a high degree of order,

typically extend over the size of grains, like in polycrystalline materials, leading

to macroscopic isotropy. This grain size can be enlarged by annealing processes,

but the application of external constraints is usually required to access macroscopic

samples with no grain boundaries (monocrystals, or fully aligned samples).

In the case of thin films, meaning for thicknesses ranging from one time until

typically ten times the equilibrium characteristic size of the nanostructure, surface

effects act as efficient external constraints. It is indeed obvious that boundary

conditions can influence the orientation of anisotropic materials in the vicinity of

the boundaries and this is likely to affect the whole structure when the thickness

of a film is small.

Thin films are usually produced by spin-casting from a relatively dilute

solution (< ~5 wt%), or sometimes other casting techniques, and are rarely at

equilibrium, due to the fast evaporation of the solvent leaving no time for the

macromolecules to adjust their conformations. The copolymer chains are then

either fully mixed (the film is said disordered or amorphous) or presenting some

kinetically arrested metastable nanostructure [39], depending on the casting

solvent (selectivity, saturation vapor pressure) and conditions (concentration,

speed, etc). Bringing the film to equilibrium is usually done by thermal or solvent

annealing. Elevated temperatures for several hours (above the glass transition

temperatures of the constituent blocks and preferably in an inert atmosphere in

order to avoid oxidative degradation), or solvent vapor swelling give the chains

the necessary mobility for the system to evolve towards the equilibrium

nanostructure. This evolution follows the minimization of the system energy,

including the terms discussed in Sect. 4.1, leading to the formation of the

microphase separated nanostructure, as well as the surface energy at the substrate

and atmosphere surfaces. The two blocks, of different chemical nature, usually

present a significant contrast in their interfacial energy at the contact of both the

substrate and the atmosphere, which will induce a significant energy gain if

the right domain is exposed at each interface. In the case of the lamellar structure,

this selective alignment at the boundary produces a parallel alignment of the

multilayered structure (cf. Fig. 4.3a), which then propagates throughout

the thickness of the film.

4.4 Forcing the Perpendicular Alignment

As was said before, a strong motivation for reaching perpendicular alignment of

nanostructured thin BCP films is the production of nanolithography masks [8, 11,

40] because they can reach sub-20 nm dimensions, at which classical lithography

techniques cannot be applied and sophisticated variations including extreme UV

technologies [41] are necessary. BCP are considered an interesting alternative,

which motivates many of the research efforts in the search for alignment control.

78 V. Ponsinet



4.4.1 Surface Energy Tuning

Rarely occurring naturally, the situation in which the contrast in interfacial energy

at the contact of the substrate for the two blocks vanishes, can be induced by a

proper surface treatment. This treatment needs to remain unaltered by the thermal

or solvent annealing process, which will be used for the alignment step. A clever

surface treatment insuring a neutral surface energy towards a given diblock

copolymer consists in grafting the substrate with a random copolymer of same

chemical composition than the diblock [42, 43], although this may induce inter-

actions between the random brush and the block copolymer film, which go beyond

a simple surface energy effect [44]. Other surface treatments can be employed,

provided that they can be finely tuned, in order to access the proper balanced

energy [45].

When the surface energy is neutral for a given diblock, entropic effects will

lead to a perpendicular alignment of the nanostructure, due to a preferential

conformation of the macromolecules lying along the substrate surface

[46]. The Fig. 4.3d, e sketch successful achievements of perpendicular alignment

at the substrate interface. Getting perpendicular alignment at the free surface

of the film is more difficult, because most ambient conditions will present

a preferential surface energy towards one of the blocks of any diblock. It is

therefore common to obtain a hybrid alignment [47] (like shown in the

Fig. 4.3f), unless the thickness of the film is restricted to a very small value,

in which case geometrical constraints will prevent the deformation of the

nanostructure to adjust from one orientation to the other. Hybrid orientation

films, however, can be processed, by some etching techniques, in order to reveal

the perpendicular pattern.

Fig. 4.3 Schematic representation of various alignment situations: (a) and (b) show parallel

alignment, (c) represents the elementary brick constituting parallel aligned films, (d) and (e)
show perpendicular alignment, (f) shows a mixed alignment
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4.4.2 Other Surface Effects

4.4.2.1 Roughness

The effects of the substrate roughness on the orientation of BCPs in thin films have

been studied experimentally [48, 49], and theoretically [50]. Typically, if the

roughness characteristic lateral length is larger than the period of the copolymer

nanostructure, the favored orientation will always be perpendicular, unless the

roughness characteristic height is very small. Provided that the substrate roughness

is not detrimental to the final use of the supported film, roughness can be an easy

control knob for modifying the alignment of a nanostructured film. For instance,

ITO-covered surfaces can be used as electrodes in organic electronic devices and

double as conveniently rough surfaces.

4.4.2.2 Graphoepitaxy

Graphoepitaxy consists in using substrates with designed topographic features and

was developed as a way to better control the effects of the substrate topography,

rather than counting on sometimes ill-defined roughness. Substrates with

templating grooves could, for instance, constrain a spherical BCP structure to

adopt a highly ordered nanopattern [51, 52], when the template dimension is

commensurate with the nanostructure characteristic size. The templates can be

produced by “standard” lithography techniques because its dimensions are typically

one order of magnitude larger than that of the BCP nanostructure. This combination

of top-down (lithographic) technology at ~500 nm scale and bottom-up (BCP

nanostructures) at ~50 nm scale is promising for well controlled nanosurfaces, if

somewhat tedious. Other substrates with specific topographies were successfully

used to produce perpendicular alignment of phases of hexagonally packed cylin-

ders: faceted crystals [11] and interferometrically produced sinusoidal polymer

gratings [53], are among the interesting examples. The former case proved appro-

priate for very thin films, whereas the latter requires a thickness above a threshold

value of several times the pattern sinusoidal amplitude and the nanostructure

period. Provided these structural features are compatible with a given desired

structure, and the presence of the groove template is not problematic for the

considered applications, these methodologies are interesting.

4.4.2.3 Chemically Patterned Surfaces

Besides topographically patterning the substrate, it can be useful to orient and

possibly align PCB thin films with chemically patterned substrates. The propaga-

tion of surface patterns into the bulk was predicted to be possible [54], and some of

these situations were demonstrated experimentally. For instance, Kim et al. [55]
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patterned a substrate using extreme ultraviolet interferometric lithography [41]

to transfer alternating lines and spaces to a self-assembled monolayer (SAM)

and studied the configurations of thin PS-PMMA films on top of such substrates.

For this technique, sometimes referred to as epitaxy, commensurability constraints

appear severe since the perpendicular alignment of lamellar microdomains by

striped patterns can be obtained only with a pattern pitch equal to the BCP lamellar

period within less than 5 % mismatch. The registry can have a slightly larger

mismatch tolerance if the chemical pattern is produced with a random copolymer

brush [56], supposedly because the interpenetration of the brush chains in the BCP

film allows some variation of the lamellar period around the equilibrium value do
(cf. Fig. 4.4). Contrary to the graphoepitaxy patterning, the chemical template must

have the same lengthscale than the structure to be aligned, meaning molecular

scale, and therefore requires high-tech lithography techniques. This is why,

although it is of fundamental interest to show the mechanisms of such alignment,

it cannot claim the finality of an easy production of nanoscale patterns.

Real crystalline epitaxy has also been used to align BCP thin films, while using

specific interactions between semicrystalline BCPs and crystalline substrates

[57, 58], or directional crystallization [59].

PS-r-MMA50:50 PS-r-MMA 100:0

40 nm

47.5 nm

52.5 nm

Fig. 4.4 Effect of

a chemical pattern on

the alignment and

azimuthal orientation

of lamellar block copolymer

nanostructure: top-view

SEM images (2 μm� 2 μm)

of the nanostructure

morphologies of thin films

of lamellar copolymer with

period do¼ 48 nm onto

chemically patterned

substrates as a function

of the pattern pitch and

the composition of the

random copolymer used

to create the pattern.

Adapted with permission

from ref. [56], Adv. Mater.

2004, 16, 1315. Copyright
2004 John Wiley and Sons
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4.4.3 Solvent Annealing

The effect of solvent swelling has become increasingly used in the last decade for

the manipulation of block copolymer thin film textures. If a block copolymer thin

film is swollen with a solvent, which is a true neutral solvent for the copolymer

(meaning the affinities of the two blocks are exactly equal), the presence of the

solvent will provide mobility to the copolymer chains and allow them to reach

the equilibrium structure, then defined, as before, by the balance between confor-

mation, incompatibility and surface energy effects. In that sense, it would usually

produce the same effect as a thermal annealing, but specific effects can also be

observed due to the evaporation process, like the presence of a solvent concentra-

tion gradient normal to the substrate plane and a subsequent ordering front from the

film surface to the substrate, which will on the one hand induce a highly directional

nanostructure, and on the other hand increase the impact of the interfacial energy

conditions at the free surface (where the solvent concentration is the lowest).

In general, however, the solvent used is not genuinely neutral, which would

usually lead to kinetically trapped nanostructures and alignments, especially if one

or both blocks are glassy at room temperature [60]. Such metastability makes it

possible to force the alignment of the nanostructures without tuning the energy

balance, and the glassy nature of the final film insures the long-term absence of

evolution of the pattern. Solvent swelling was proven to be a useful process to reach

perpendicular alignment of cylinders in different systems [61–64] (cf. Fig. 4.5).

This process is however still considered difficult to reproduce, mainly because

reproducibility requires a precise mastering and controlling of many experimental

2.00

1.00

0
2.00
µm

1.000

Fig. 4.5 Atomic force microscopy (AFM) phase image of the top surface of a thin film of poly

(styrene)-b-poly(oxyethylene) diblock copolymer presenting a phase of hexagonally packed

cylinders aligned perpendicular to the substrate after annealing in benzene vapor. The image

contrast comes from the difference of elastic modulus between the domains. Adapted with

permission from ref. [62], Adv. Mater. 2004, 16, 226. Copyright 2004 John Wiley and Sons
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details besides the choice of the solvent: film thickness [65], annealing time

with characteristic times sometimes shorter than 1 min [63], vapor pressure and

the rate of vapor removal [39, 66], glass transition temperature. All these can affect,

often in coupled ways, the resulting metastable morphologies. The effects indeed

involve different mechanisms including the modification of the interfacial energies

of the swollen film as a function of the solvent loading, as well as hydrodynamic

effects [62]. These non-equilibrium processes have not been easily considered by

theory, but phase behavior and film patterns could be modeled in great detail

by simulations [65] based on dynamic density functional theory. Nevertheless,

solvent annealing is one of the most promising method, at this time, for the easy

production of large-scale well-aligned nanopatterned thin films of block copoly-

mers, while offering at the same time interesting scientific questions related to these

non-equilibrium systems.

4.4.4 Other Fields

4.4.4.1 Electrical

The application of an external electric field, adapted from methodologies well

optimized for liquid crystal systems, has been used with success [67–69] for

large-scale alignment, although it often results in hybrid alignment situations

(cf. Fig. 4.6). The electric field effect indeed competes with the surface effects, as

was well documented theoretically [70, 71], while also taking into account the

effects of mobile charged impurities in the films [72]. The nanostructure develop-

ment and alignment could be followed by time-resolved X-ray scattering in the

cases of initially disordered and ordered films [69, 73]. The reorientation of ordered

films occurs by the fragmentation of the initial nanostructure into small domains, all

eventually oriented along the field. The application of the field while the film is

swollen by a neutral solvent proved beneficial for large scale alignment, and was

satisfactorily described by simulations [74, 75].

Fig. 4.6 Cross-sectional TEM image of a �700 nm PS-b-PMMA film annealed under �40 V/μm
electric field for 16 h. Scale bar: 100 nm. Reprinted with permission from ref. [47],

Macromolecules, 2004, 37, 2625. Copyright 2011 American Chemical Society
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4.4.4.2 Flow

In bulk systems, shear induced alignment has proven the most successful, and has

focused large research efforts, both experimentally [76, 77], and theoretically [78],

which go beyond the scope of this chapter and are reviewed elsewhere [79]. Shear

alignment of thin films was shown to be very efficient on spherical and cylindrical

block copolymer phases, if it is performed at a temperature between the highest of

the two glass transition temperature and the order–disorder transition temperature

of the diblock [80]: Tg< T< TODT. In other cases, however, a good alignment is

obtained with a high defect density [81] (Fig. 4.7).

Other alignment methodologies have been cited [82], including optical align-

ment of liquid crystalline block copolymers, and temperature gradients [83, 84],

but are less general or practical.

Fig. 4.7 (a) AFM image of a PS-PMMA film, 18 nm thick, shear-aligned at 40 kPa. (b) The same

image after being Fourier-filtered. (c) Same image as in (b), with small circles added to mark

the dislocation cores identified by an appropriate image treatment algorithm. Scale bars represent

500 nm, and the shear direction is oriented roughly diagonal (upper right to lower left) in all

images. Adapted from ref. [81] with permission of The Royal Society of Chemistry
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4.5 Parallel Alignment

As was explained before, the parallel alignment is most of the time obtained

spontaneously. For cylindrical nanostructures, this situation usually exposes at

the free surface a homogeneous layer of the preferentially wetting block [85],

meaning that here again, an etching step needs to be developed for nanopatterning

purposes. For lamellar nanostructures, this alignment does not induce any

exposed nanostructure-based pattern at the free surface. However, a complete

alignment of the copolymer film (shown in Fig. 4.3a) is only possible if the

total thickness of the film is commensurate with the lamellar period: T¼ ndo or
T¼ (n + 1/2)do, where n is usually a small integer (1� n� 8). The reason for that

is that due to the free energy constraints on both the nanostructure alignment and

the copolymer chain conformations, the nanostructured film has to be built as an

assembly of the elementary brick (shown in Fig. 4.3c) composed of a copolymer

layer of thickness do/2, corresponding to half of a bilayer of size do, the lamellar

period. When deposited by a given casting technique, the film has a thickness

controlled by the parameters of the casting (initial concentration and rotation

speed and acceleration, for example in the case of spin-coating). While the fine

tuning of these parameters, and therefore of the final film thickness, is in principle

possible, it is more common to obtain a film with a thickness not exactly equal

to ndo or (n + 1/2)do. The layered structure of the copolymer then forces the film to

present regions of different thicknesses, with the different regions satisfying

one of the commensurability conditions [86, 87]. The film is therefore terraced,

with a quantized surface topography: the step height of the terraces is do, so that

the free surface exposes the same block domain on each terrace.

When the film thickness is close to and below the commensurability condition,

the film lacks a little matter to reach a flat surface, and the terraces are shaped as

holes, whereas when the film thickness is close to and above the commensurability

condition, the film has a small excess of matter to reach a flat surface, and the

terraces are shaped as islands [88]. This evolution is very obvious when a thickness

gradient is produced on a lamellar copolymer thin film, as shown in Fig. 4.8.

Interestingly, the film is flat on a finite range of thickness around the commensu-

rability condition, showing that the copolymer layers are able to slightly adjust their

surface chain density, so that the film can accommodate small discrepancies in

thickness and avoid the cost of building a terrace edge.

The edges of the terraces concentrate the excess free energy related to a

structural defect in the lamellar organization. These defect lines were shown to

have a specific dynamics [89] and to present apparently stable structures [90], for

some conditions of film T and bilayer do thicknesses. This allows for the relatively
easy achievement of specific patterns, with a length scale one or two orders of

magnitude larger than that of the copolymer nanostructure. Moreover, Li et al. have

shown that these patterns can be somehow manipulated [91] as they present registry

or anti-registry with underlying topographically patterned surfaces.
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4.6 In-Plane Degeneracy and Single-Grain Formation

Beyond the formation of a specific alignment with regards to the substrate plane,

ensuring the formation of a single-grain BCP lattice on large areas is critical in

many cases. Also, in the cases of parallel oriented cylinders and perpendicular

oriented lamellae, the orientation of the domains is azimuthally degenerate, and a

complete in-plane alignment of the structure, usually desired in view of applica-

tions such as interconnects or light polarizers, requires some additional action.

An additional field can be applied orthogonally, which can be again of different

nature. For instance, nicely ordered lamellar microdomains have been obtained

by the combined application of a electric field and a flow field in a rather thick

film [92]. Temperature treatment can also be combined with shear [93]. A combi-

nation of static and dynamic effects was successfully applied by Berry et al. [94],

who used a graphoepitaxy and dynamic thermal annealing.

An intrinsically directional single field can align BCP patterns. As was men-

tioned before, chemically patterned surfaces, having the same length scale as the

BCP nanostructure, apply a strong constrain on BCP thin films. It was shown to

actually induce unidirectional orientation of perpendicular aligned lamellar phases

[55, 56]. Graphoepitaxy alone can also unidirectionally align line patterns and

organize spherical domains. Use of faceted surfaces [95] and 1D groove templates

[52], due to entropic effects, as well as nanoimprint lithography [96, 97] (NIL), due

to surface effects on the vertical groove walls, are efficient techniques to orient BCP

nanostructures without requiring macromolecule-scale prior patterning. In the

case of reconstructed sapphire surfaces, the atomic crystalline ordering of the

Fig. 4.8 True color optical micrograph of a continuous 26k PS-b-PMMA film with thickness

gradient. The lower section is a continuation of the upper section. Film was annealed for 6 h at

170 �C, and the image shows the addition of four successive lamellae to the block copolymer film

with increasing thickness, and the corresponding terraced patterns. Labels indicate when the

film thickness verifies hs¼ (n + 1/2)do, where n¼ 2–6. Reprinted with permission from ref. [88],

J. Polym. Sci.: Part B: Polym. Phys. 2001, 39, 2141. Copyright 2001 John Wiley and Sons
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substrate can be transferred, over multiple length scales, to the block copolymer

microdomains, via facets regular pattern. In the latter case, a micrometer-sized

carved mold is imprinted onto the film, in order to guide the self-assembly of the

BCP at the nanometer scale (cf. Fig. 4.9). Self-consistent field theory successfully

accounted for the experimental results on NIL azimuthal alignment of lamellar

domains, as shown in ref. [96].

Recent progress in the generation of large single-grain BCP thin films include

zone processing, which induces sharp ordering front able to guide self-assembly

(cf. Fig. 4.10). This can be found in a number of variations, like zone casting, using

a scanning polymer deposition process [98], raster solvent vapor annealing [99],

generating a localized solvent annealing zone with a scanning solvent vapor

delivery nozzle, or thermal gradient zone processing [93, 100].

Device-oriented structures like sharp corners and curved patterns can be trans-

ferred into the BCP pattern [101]. In these studies, a small quantity of compatible

homopolymer was added to the copolymer, which can redistribute in locations

where it will compensate the mismatch between the pattern pitch and the natural

lamellar domain do, thus allowing the copolymer pattern to follow even the sharp

features of the underlying guide (cf. Fig. 4.11).

4.7 Experimental Techniques for the Structural
Studies of the Nanopatterns

Atomic force microscopy (AFM) is a very useful technique to study the patterns

exhibited at the surface of thin films. Used in taping mode, which exploits

the interaction of the tip with the surface during intermittent contacts between

Fig. 4.9 (a) Top view of a SEM image of the BCP film after nanoimprinting with a NIL mold

with main pitch 1.5 μm. The groove height is 50 nm. The perpendicularly lying BCP lamellae are

further oriented along the groove long axis. (b) An enlargement of (a) where several lamellae (left)
are well ordered in-plane. (c) An AFM top view of an enlarged section of the BCP film close

to thin-thick boundary (the middle vertical line). To the right, the BCP film is thicker and is

ordered by the groove vertical wall, whereas to the left, the BCP is thinner and less ordered.

Reprinted with permission from ref. [96], Macromolecules, 2011, 44, 2206. Copyright 2011
American Chemical Society
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them, this scanning microscopy technique can provide topographic images of the

free surface with a resolution allowing the observation of 10 nm features or

sometimes less, but it can also provide images of chemical contrast between

microdomains. Phase images, in particular, relate to the damping of the tip

oscillations, which varies with the local elasticity and more generally with the

type of tip-polymer interactions at play. This is very complementary to topo-

graphic images, specifically because the nanopatterns of block copolymers may

sometimes coexist with relatively flat and smooth surfaces. AFM cannot report on

in-depth nanostructure but is well suited for studies of top surface patterns and

their evolution upon annealing. Defect mobility and annihilation can be imaged,

for instance [102] as is shown on Fig. 4.12.

As for other organized soft matter systems with nanoscale characteristic sizes,

X-ray and neutrons scattering techniques are very appropriate for the study of block

Fig. 4.10 Zone casting of a lamellar BCP thin film. (a) Taping mode AFM phase image (inset: FT
transform), and (b) GISAXS pattern of PODMA-b-PtBA-b-PODMA block copolymer films

prepared by zone casting at 40 �C. Arrow: substrate withdrawal direction. (c) Scheme of the

zone casting technique. Adapted with permission from ref. [98], J. Am. Chem. Soc. 2011, 133,
11802. Copyright 2011 American Chemical Society
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Fig. 4.11 Effect of a chemical pattern on the azimuthal orientation of lamellar block copolymer

lamellar nanostructure: top-view SEM images (2 μm� 2 μm) of the nanostructure morphologies of

thin films of lamellar copolymer with period do¼ 70 nm onto chemically patterned substrates with

a bent of 45�, 90�, and 135� as a function of the pattern pitch. Adapted from ref. [101]

Fig. 4.12 AFM images taken between repeated annealing treatments of a further hour at 523 K

showing the evolution of a disclination pair. In each image, the repeat spacing of the microdomains

is 50 nm. Adapted with permission from ref. [102], J. Chem. Phys. 2001, 114, 4730. Copyright
2001 AIP Publishing LLC



copolymer self-assembled nanostructures. In the case of thin films, two main

experimental configurations are of interest: the reflectivity [103] and the small-

angle scattering at grazing incidence (GISAXS) [104–106]. These techniques

provide a large foot-print of the beam on the samples, allowing the collection of

data in spite of the sometimes minute thickness of the films. Reflectivity is sensitive

to the ordering along the film normal, and is well adapted for layered films. It can

also efficiently quantify roughness. GISAXS measures the off-specular signal and

records both in-plane and out-of-plane order, giving access to the in-depth nano-

structure. It presents a very good temporal resolution, allowing following in detail

the nanostructure evolutions during solvent or thermal treatments.

Spectroscopic ellipsometry is an elaborate technique, which has been used as a

robust and extremely sensitive tool for material characterization [107]. During the

last decade, its domain of application has been extended to the study of nanostruc-

tured samples, although it is mostly appropriate for the determination of order along

the film normal. Small refractive index contrast multilayer structures and birefrin-

gence can be experimentally accessed [108] in some conditions, but may require

sophisticated models.

Emerging new methods include resonant X-ray scattering [109], for enhanced

contrast, critical-dimension SAXS, giving access to a 3D reconstruction [110]

of in-depth structural features in the films, and scattering infrared near-field

microscopy [111], for nanoscale chemical analysis at surfaces.

4.8 Perspectives

Macroscopically aligned BCP thin films provide invaluable robust, versatile, chem-

ically functionalizable nanopatterned surfaces. Due to the interplay between film

thickness, nanostructure and alignment, careful and complex processes are required

to reach large scale alignment monodomains. Moreover, with the multiplication of

the actual possibilities in term of copolymer architecture, monomer choices,

advanced substrates, high-tech deposition and treatment processes, as well as new

time- or spatially resolved analysis techniques, the field of nanopatterned BCP thin

films is still ready to provide remarkable model study subjects as well as routes for

defect-free or tailor-made nanomaterials for technological applications.

Device-oriented structures with complex patterns will be obtained by the design

and juxtaposition of guiding tiles on the substrates, as has been done by Chang

et al. [112], who achieved patterns including dense bends, junctions, and lines with

a simple and predictable topographic template (cf. Fig. 4.13).

Search for ever-smaller characteristic sizes, in order to reach the sub-20 nm

limits desired for lithography applications, has involved the choices of new mono-

mer combinations [13, 113], salt complexation [114], and exploration of the weak

segregation regime [115]. However, this goal is conflicting with the need for defect-

free patterns, since the energy cost of a defect formation typically scales as the third
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power of the nanostructure characteristic size [116]. Future research effort will be

necessary to reach beyond this irreconcilability.

Other expected further studies will likely assess the nanopatterns and the mech-

anisms of their formation, in thin films of block copolymers with more complex

architectures. For instance, the phase behavior of star copolymers is increasingly

well described [117]. For enlarging the application openings, more advanced sub-

strates will likely be implemented, like the curved surfaces theoretically considered

in recent studies [118, 119]. Efforts will be devoted to the generation of

reconfigurable and responsive surfaces, which can adapt to surrounding environ-

ments [120], as for instance thermoresponsive nanopatterned surfaces [121].
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Chapter 5

Nanostructured Interfaces by Surface
Segregation of Block Copolymers

Antoine Bousquet and Juan Rodrı́guez-Hernández

5.1 Introduction

The modification of polymer surfaces both in terms of structure and functionality is

a subject that has been evidenced to be of theoretical and practical interest [1, 2]. In

this sense, a large amount of literature has been published describing a wide variety

of surface chemical modification approaches such as flame or corona treatments,

chemical reactions (in solution), plasma or UV treatments or the application of

polymer coatings among others [3–11].

Equally, the generation of nano/microstructured polymer film surfaces has

been a challenge during the last decades. The advances in the fabrication of

structured surfaces to obtain micro and nano patterns have been accomplished

following two different approaches, i.e., either by adapting techniques, such as

molding (embossing) or nano/microimprinting or by developing novel techniques

including laser ablation or soft lithography [12]. Thus, higher resolution capabil-

ities are directly related with technological advances. In contrast to the use of

highly sophisticated tools required by the above mentioned techniques, surface

instabilities produced by different mechanisms take advantage of the inherent

properties of polymers to induce particular surface patterns. Some of the surface
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instabilities are well known since decades but have been only recently extended

their use to pattern polymer surfaces. This recent interest relies on the rich and

complex patterns obtained as a result of self-organizing processes that are rather

difficult if not impossible to fabricate by using traditional patterning techniques.

Within this context, this chapter discusses the possibilities to produce surface

patterns by surface segregation of an additive towards the interface in polymer

blends. Surface segregation is the result of the preferential migration of one blend

component to the interface thereby inducing selective enrichment at the near-

surface level. As will be discussed below in detail, this effect is directed by the

surface thermodynamics that favors the presence at the interface of the component

of a mixture lowering the surface tension. As a consequence, this phenomenon is

the cause of having large differences between the surface and the bulk

composition.

Surface segregation, which is also a common phenomenon in other materials,

has received limited attention and most of the studies applied this concept for the

control of the surface chemical composition. Moreover, surface segregation has

been typically considered as a non-desirable effect. This is particularly true in the

case of materials with precise bulk properties provided by the presence of different

additives such as plasticizers or UV-absorbers. The segregation of these additives

towards the interface modifies the bulk properties and can provoke large variations

on their mechanical behavior. Several contributions have explored this phenome-

non in order to reduce the amount of oligomers/polymeric additives that bloom to

polymer surfaces [13]. However, in many other applications it is desirable to have

surface properties that vary to a large extent from those found in the bulk. For

example, to favor adhesion or increase the wettability, or the opposite, i.e., increase

the hydrophobicity, to improve the biocompatibility of commercial polymers or to

enhance the chemical resistance.

In this chapter, we aim to provide an overview of the possibilities of using

surface segregation not only to functionalize and but also to nanostructure polymer

surfaces. For this purpose, we first discuss the factors that may favor or reduce the

presence of a particular additive at the interface. As depicted here, the molecular

structure, the functional groups contained within the polymer, and other factors

such as hydrophilicity of the environment or the temperature will play a key role on

the migration of an additive towards the surface. More interestingly, the use of

block copolymers within the blends permits the formation, by self-assembly, of

different structures at the nanometer scale, thus providing an interesting way to

fabricate different nanometer scale structures at the interface.

It has to be mentioned at this point that this chapter focuses on the segregation

and eventually interfacial self-assembly of nonmiscible blends. These blends are

susceptible to form microstructured and nanostructured domains at the polymer

interface. Readers interested in surface segregation in homopolymer miscible

blends should refer to the following references [14–22].
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5.2 From Surface Rearrangement to Surface Segregation

Pioneer studies of several groups includingWhitesides [23, 24], McCarthy [25, 26],

Ter-Minassian-Saraga [27], Donaruma [28], or Bergbreiter [29, 30], just to mention

few of them, evidenced a reorganization of functional groups present at the surface

of treated polymer films exposed to a particular treatment. In particular, these initial

works concluded that when considering polymer–air interfaces a surface reorgani-

zation occurs in order to decrease the surface energy. This reorganization process

may be eventually improved by annealing. In effect, a general trend found in their

studies was that surface reorganization forms less polar surfaces with only few

exceptions [30]. More precisely, depending on the nature of the groups introduced

during the surface treatment they will face two different situations: on the one hand,

interfacial reconstruction is observed if the functional groups introduced are of

higher surface energy than the pristine material. On the other hand, we will not

observe this phenomenon when the surface functionalization leads to a decrease in

the surface energy, for instance, by introducing low surface energy fluorocarbon

groups (CF).

Generally speaking, surface reorganization is related to materials formed by one

single component because it just involves a movement of a part of the molecules

presents in the surface first layer. However, the concepts describe above can be

applied to multicomponent materials. In this case, we will need to define the concept

of surface segregation. Surface segregation is a thermodynamical phenomenon that

directs the interfacial migration of certain components within a particular blend

(Fig. 5.1). In general, provided an appreciable difference in energy between the

components of the blend, the lower energy component is preferred at the interface in

order to minimize the surface free energy. One of the most extensively studied

Fig. 5.1 Representation of the surface segregation phenomena in a polymer blend of a surface

active component in a matrix
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system is the compatible blend of polystyrene (PS) with poly(vinylmethylether).

Many studies showed by different techniques that the surface of such a blend was

largely enriched with PVME moieties. Indeed PS has a higher surface tension than

PVME inducing the latter to migrate towards the surface to lower the interfacial free

energy [31–36]. Incompatible polymer blends are also affected by the surface

segregation phenomenon. For example a PS/Poly(methyl methacrylate) (PMMA)

film is at thermodynamic equilibrium enriched at the film/air interface with PS

which monomer unity present a lower surface tension than the PMMA one [36].

This analysis is valid for end functional polymers or block copolymers. The

latter is discussed in detail throughout this chapter since block copolymers are able

to form nanostructured domains.

The surface segregation can therefore be explained considering a thermodynam-

ical equilibrium condition for a multicomponent polymer at a precise interface

[37]. As depicted by the Gibbs–Duhem equation (5.1), surface segregation is

controlled by the equilibrium between the bulk free energy penalty that is incurred

if a constituent is removed from the bulk phase, and the change in the interfacial

free energy that occurs when the low surface energy component substitutes the high

energy component.

Gibbs� Duhem Equation d n1μ1ð Þ þ d n2μ2ð Þ ¼ �Adγ ¼ A γ1 � γ2ð Þdϕs, f ð5:1Þ

The two terms on the left side of the equation are related to the energy required

when one of the components is extracted from the bulk as a consequence of the

surface segregation. In the simplest case (we consider here a binary blend) the 1 and

2 correspond to each component. In addition n refers to the number of moles and μ
is the chemical potential. On the right hand of the equation are included the terms

related to the variation of the free surface energy produced in a determined surface

area (A) when the surface concentration of the low surface energy component

increases and the high energy component is embedded within the material. Whereas

the surface concentration of the components appears in the equation with the term

dϕs,f, the term γ designs the surface tension of each component.

The force for the surface segregation to occur is directly related to the term

A(γ1–γ2). Thus, a positive value of this term indicates that the additive possess

lower surface energy than the matrix and therefore will migrate to the interface. On

the contrary, a negative value would be related to an additive with a high surface

energy. In the latter, the polymer matrix will be favored at the polymer–air interface.

Other groups have developed alternative models in order to explain the surface

segregation in multicomponent systems, briefly discussed in the next part. How-

ever, it is outside the scope of this chapter to thoroughly describe the theoreti-

cal models developed in this topic but rather provide a simple overview of the main

aspects involved in the surface segregation of polymer blend. Those readers

interested in the theoretical approaches reported to understand the surface segrega-

tion phenomena are referred to the following references [18, 38–41].

As mentioned above, surface segregation is a spontaneous phenomenon.

However, the kinetics of this process depends not only on the different surface
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tension of the components but also on thematerial employed. For instance, the use of

polystyrene based blends would require weeks or even months in order to observe

the surface segregation of one of the components at room temperature. In this

concern, some authors suggested the employment of annealing in order to enhance

the kinetics towards the equilibrium state [42]. In some cases, an increase of the

temperature may induce, at least to some extent, the degradation of the material. In

this particular case, surface segregation can be achieved by modifying the experi-

mental conditions employed for the preparation of the films. For instance, the nature

of the solvent employed may favor the formation of a compositional gradient

towards the interface. As described by Chen et al. [43], varying the solvent, both

the evaporation rate and the chain mobility during the film formation from a polymer

solution will play a key role and improve the migration of one of the components.

From this preliminary definition, we can conclude that, by taking advantage of

this spontaneous phenomenon and considering the aspects that rule the migration of

a particular component in a polymer blend we will be able to vary the surface

behavior. In the next paragraphs of this chapter we illustrate how this phenomenon

has been employed both to modify the chemical composition of the polymer surface

and to produce nanostructured interfaces. Moreover, the adaptive/responsive

behavior of the polymer blend surfaces as a function among others of the environ-

ment, temperature or pH will be also described. But first of all we have to review the

various parameters that require a consideration in order to obtain functional sur-

faces by segregation.

5.3 Factors Involved in the Surface Segregation
of Polymer Blends

There are some general rules one should take into account to control the surface

segregation phenomenon. From a macroscopic point of view, and as previously

mentioned, the surface of a binary polymer blend will generally be enriched in the

component with the smaller pure-component free energy. The difference in surface

tension between the blend components, i.e., γ1�γ2 serves as a “surface field” that

directs the migration of the component with lower surface tension. This field is

opposed by the osmotic forces that act for a mixing in the polymer blend. From a

microscopic perspective, both enthalpic and entropic factors contribute to the

“surface field” and to counter osmotic forces. Enthalpic factors refer to those

functional groups included the additive introduced within the blend. Entropic

factors include the topological characteristics of the polymers employed such as

chain length or the degree of branching.

In this part we summarize the different factors driving surface segregation and

how to control them to obtain desired surface properties.
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5.3.1 Enthalpically Driven Segregation

5.3.1.1 An Illustrative Case of Surface Segregation: Fluorine

End-Functionalized Polystyrene

Surface segregation of end-functional polymers requires additional considerations

since, in comparison with polymer blends, high and low surface tension functional

groups are covalently bonded within the same macromolecular chain. Functional

polymers have drawn attention for their potential application as additive for surface

modification of a homologue but non-functional matrix. Indeed, their inherent

compatibility with the homopolymer matrix does not vary the mechanical proper-

ties of the host material. Probably one of the most studied systems is the blend of a

polystyrene end-fluorinated (PS-F) with a non-functional polystyrene (PS) matrix.

The fluorine end group has a lower surface tension than the polystyrene backbone

resulting in its preferential segregation to the air–polymer interface in order to

reduce the overall surface energy. As a result of the fluorine surface enrichment

very hydrophobic materials were obtained.

In the late 1980s, research groups observed that mixture of hydrogenous and

deuterated polystyrene had unfavorable thermodynamics and a positive Flory–Hug-

gins interaction parameter χ [44]. This effect arises from the differences in zero point

energy of H and D atoms leading to C–D bonds being slightly more polar than C–H

bonds. Additionally, this difference in polarity influences the surface tension so that

the deuterated polymer has a slightly lower surface tension and thus would segregate

at the air–polymer interface (entry 1 Table 5.1) [14, 45]. Based on these findings, in

1994, Affrossman et al. realized an extensive study on the surface segregation of a

fluoro end-terminated PS [46]. For the preparation of the functional polymer, they

used anionic polymerization to terminate deuterated polystyrene with a

perfluorooctyl group (dPS-F). When this polymer is blended with protonated poly-

styrene (hPS) (15/85 wt%, dPS-F/hPS), the authors observed a superficial enrich-

ment of 36 wt% in dPS-F (entry 2 Table 5.1). This value increased astonishingly to

62 wt% after a thermal annealing at 130 �C for 24 h. They attributed this behavior to

the presence of the fluorinated group in dPS-F which has a lower surface energy than
PS repetitive unit. For comparison PS has a surface free energy of 40.7mNm�1when

polytetrafluoroethylene one is 20 mN m�1. Hence, the fluorine end-functional PS

migrate toward the surface to reduce the interfacial tension. This segregation

Table 5.1 Blends and chemical composition at the surface before and after annealing (Data

extracted from [46])

Entry Polymer 1 Polymer 2 ϕb ϕs Before annealing ϕs After annealing

1 dPS hPS 0.14 0.17 0.18

2 dPS-F hPS 0.15 0.36 0.62

3 dPS hPS-F 0.85 0.65 0.59

ϕb Deuterated polystyrene bulk molar fraction

ϕS Deuterated polystyrene surface molar fraction
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happens during the spin-coating process [43] but is amplified through a thermal

annealing above the glass-transition temperature (Tg) of the materials. In both cases

enoughmobility is given to the chains to reorganize andminimize surface tension. In

polymer dPS-F, the deuterium and fluorine both act towards surface segregation. On

the contrary, by analyzing a mixture of deuterated polymer and fluoro end-capped

hydrogenous polystyrene (entry 3, Table 5.1) relative contribution of the two moi-

eties can be evaluated. The surface is enrichedwith the fluoropolymerwith a value of

41 wt% after annealing. This illustrated the dominant effect of a small number of

fluorine atoms over the fully deuterated styrene repetitive unit.

Isotopic polymer blends have been used as model systems for studying the

behavior of polymer blends since isotopic substitution, which is expected to only

cause a relatively minor perturbation of properties, provides sufficient contrast for

experimental probes such as neutron reflectivity (NR) or secondary ion mass

spectrometry (SMIS). For the above mentioned study the mass contrast between

deuterated and hydrogenated polymers has been extensively employed to prove the

surface segregation. Elman et al. [47] used the nuclear contrast to evidence the

segregation of end-functional deuterated PS in a non-functional hydrogenated

matrix by neutron reflectivity. Three terminal groups were investigated: a “neutral”

control specimen prepared with hydrogen as a terminal group, an “attractive” end

group containing low surface energy fluorine atoms, and a “repulsive” high surface

energy group composed of a carboxylic acid moiety. The authors demonstrated,

based on the NR curves and X-ray photoelectron spectroscopy (XPS) data, that the

fluoroterminated polymer preferentially migrated at the air–polymer interface and

that the carboxylic acid terminated polymer was repelled from the surface.

These pioneered reports were followed by many others using PS-F [48–50], all

supporting an air–polymer surface enrichment in fluorine. Theoretical models have

then been developed to predict this migration behavior [51, 52]. The Lattice Model

is one of particular interest because it provides end-group concentration depth

profiles [18, 53]. The basis of the model is a cubic lattice confined between two

impenetrable surfaces that are separated to form a bulk-like region in the center of

the film. In this lattice a chemical group, being the repetitive unit or the end-group,

has to be chosen to be the unity reference volume (Fig. 5.2). Quantitative prediction

of end-group concentration depth profiles must also consider:

• The surface interaction parameter, describing the preference of the end-group for

the surface compared to that of the macromolecule backbone.

• The bulk interaction parameters, representing the bulk interaction between the

end group and the polymer main chain.

• The chain length of both the matrix and the additive.

• The amount of additive in the blend.

This lattice model was found to provide an excellent representation of experi-

mental XPS data over a wide range of blend compositions and molecular weights

when an end-fluorinated polystyrene was used as additive [53]. Thus, a surface

enrichment of the low-energy end groups is confined to the first lattice layer.

Interestingly, the second layer shows maximum depletion of functional group
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while the concentration in the following layers gradually recover bulk mean

concentration over a depth comparable to the chain dimensions.

These lattice calculations were also employed to explore the surface segregation

of end-chain polymers functionalized by one or several groups with either higher or

lower surface tension than the backbone repetitive unit [54]. The authors concluded

that adjacency of low surface energy group is the most effective way for enhancing

surface segregation. Moreover, having two groups with similar surface energy

character (low or high) is always preferable to having two groups of opposite

character, the so-called Pushmi-Pullyu architecture, where one group prefers the

surface while the other is repelled from it (Fig. 5.3). From this inspiring study grew

the idea of using diblock copolymer, containing one block surface active and the

other matrix compatibilizer, as additive for surface segregation (see Sect. 5).

It is then relatively easy to achieve very hydrophobic PS surfaces using polymer

additives that are end-functionalized with low-surface energy groups such as

fluorine or even siloxanes [55], because they spontaneously segregate to film

surfaces, reducing their surface tension. However, it is less trivial to enrich a surface

with polar group and solutions developed are discussed in the next part.

5.3.1.2 Interfacial Attraction of Functional Polymers:

Hydrophilic vs. Hydrophobic

The problem in obtaining hydrophilic surfaces arises from the fact that polar groups

have a significantly higher surface energy than most of the polymer repetitive units

(including obviously styrene); therefore, their surface segregation is thermodynam-

ically unfavorable [56]. However, Elman et al. demonstrated by neutron reflectivity

that the carboxylic acid end-functional polystyrene (PS-COOH) was migrating

towards the polymer–native oxide hydrophilic interface (the polymer films were

Fig. 5.2 Schematic representation of functional polymer chains configured on a cubic lattice. The

darker cubes indicate a lattice site occupied by a functional end group, and the lighter cubes are

occupied by polymer chain segments: (a) illustrates a chain with a low-energy attractive end

group, (b) depicts a nonfunctional polymer with neutral end groups. Reproduced with permission

from [54]
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spin-coated onto silicon wafers) [47]. Kawagushi et al. reported the same behavior

using XPS and SIMS analysis [57]. After a thermal annealing of 36 h at 120 �C the

PS-COOH additive was located at the PS–silicon oxide substrate interface. These

two studies proves that the tension decrease of all kind of interfaces is driving

component segregation; if the interface is hydrophilic then hydrophilic moieties

will migrate towards it, on the contrary a hydrophobic interface (e.g., air) will

attract hydrophobic moieties.

From these inspiring results, researcher’s efforts were directed towards the

elaboration of hydrophilic polymer surfaces using additive segregation. Koberstein

et al. proved that, by immersing the polymer film in a polar environment, it was

possible to induce the adsorption of polar functional groups at the surface [37].

Figure 5.4 shows that annealed blend of a PS matrix with PS-F or PS-COOH in

saturated water vapor at 55 �C, resulted in the increase of the surface hydrophilic

behavior. Surface reorganization occurred when the polymer environment is

changed even in the glassy state (glass-transition temperature of polystyrene is

around 100 �C). The fluorine terminated polymer adsorbed initially to the surface

moved away from the interface with water vapor and is replaced by PS repetitive

units [58]. On the contrary, for PS-COOH the contact angle is initially the same of a

pure PS film indicating the absence of superficial carboxylic acid functions. When

exposed to water vapor, the acid functions are dragged to the new interface to

reduce the surface tension. By this way hydrophilic PS film were created. Later

Wong et al. modeled that this sub-Tg reorganization shows diffusion kinetic [59].
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Fig. 5.3 Surface volume fraction of attractive functional groups as a function of the position, n, of
a mid-chain group (denoted by bold circles on the figure inset) for four different architectures:
functional polymer with two attractive functional groups (open diamonds); functional Pushmi-

Pullyu polymer with an attractive functional end group and a repulsive functional group at position

n ( filled squares); functional inverse Pushmi-Pullyu polymer with a repulsive functional end

group and an attractive functional group at position n (open squares); functional polymer with one

attractive functional group at position n ( filled circles). The inset illustrates each chain structure

with A representing an attractive group and R representing a repulsive group. Reproduced with

permission from [54]
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The limitation of this approach is that polar groups that are not directly adjacent

to the surface cannot contribute to the wetting modification due to the glassy nature

of the polymer matrix. To overcome this drawback, Narrainen et al. showed that

surface segregation of polar end-functionalized polymers was possible in blends by

thermal annealing above the matrix Tg in a polar non-solvent [42]. They explored

the use of glycerol as a high boiling point solvent to anneal polystyrene at 150 �C in

a hydrophilic environment that favored the end-functional dPS-COOH additive

(Fig. 5.5). They proved by nuclear reaction analysis that a blend containing 20 v%

(volume %) of additive could be surface enriched at 60 v% after a 30 min treatment.

In 2009, the same group developed the first selective method in surface segre-

gation of polar groups. In an attempt to discriminate the migration of polystyrene

end-functionalized with carboxylic acid group or primary amine function,

Thompson et al. studied the influence of pH during the annealing of PS film. Indeed

the polymer film were immersed in pH-buffered aqueous solutions and then

annealed at 120 �C for 2 h [60]. The samples were allowed to cool down to 70 �C
before removing them from the solution, to avoid any surface rearrangement.

Neutron reflectivity and nuclear reaction analysis were used to quantify the con-

centration of each functional polymer at the surface after annealing at controlled pH

ranging from 1.9 to 9.4. With increasing pH, there was a systematic increase in the

surface content of carboxylic acid groups from 0.05 to 0.34 functions/nm2. On the

contrary when pH decreased the amine surface concentration increased from 0.11 to

0.39 functions/nm2.
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Fig. 5.4 Water contact angles forω-functional PS as a function of its time in contact with saturated

water vapor at 55 �C: (open symbols) fluorosilane-terminated PS [molecular weight (circle) 5,000,
(square) 10,000, or (triangle) 25,000 g.mol�1], (+) PS control, and ( filled symbols) carboxylic acid
terminated PS [molecular weight (circles) 6,500 or (squares) 10,000 g.mol�1]. Reproduced with

permission from [37]
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5.3.2 Entropically Driven Segregation

5.3.2.1 Effect of the Molecular Weight

In 1993, Hariharan et al. studied, by neutron reflectivity, the influence of molecular

weight on the surface segregation of a blend dPS and hPS [19]. The results, exposed

in Table 5.2, first confirmed that when isotopic blends of approximately equal

molecular weights were annealed at 150 �C in air, the deuterated component always

partitioned preferentially to the surface (entries 1, 2 and 7). Moreover, the rela-

tive surface enrichment increased with increasing molecular weight because the χN
factor increases (N being the average number degree of polymerization DPn), and

thus the miscibility of the components diminishes. This result was in good quali-

tative agreement with the predictions of the constant density mean-field lattice

theories [18].

In contrast, the surface segregation of asymmetric blends is controlled by the

disparity in molecular weights between the additive and the matrix. The authors

proved that either isotopic species can partition to the free surface depending on the

specific combinations of chain lengths employed. In Table 5.2 (entries 3–7) it can

be seen that deuterated polystyrene of DPn 4,808 units only segregate to the air–

polymer interface when the protonated matrix has a molecular weight higher than

50,000 g mol�1 (styrene molar mass is 100 g mol�1). Below this critical value the

surface is enriched with the smaller protonated chains. In these situations, the

surface segregation is balanced between the enthalpic effect that partitions

the deuterated species to the surface and the entropic contribution that induced

the superficial migration of the shortest chains.

Theoretical arguments suggested that the low molecular weight component in a

bimodal blend tend to locate preferentially to the surface in order to minimize loss

of conformational entropy at the material boundary [52]. Indeed, the surface tension

Fig. 5.5 Depth

concentration profiles of

deuterated α-ω-end
functional dPS-COOH after

annealing in glycerol at

150 �C for 0 min (open
circles), 10 min ( filled
squares) and 30 min (open
triangles). Reproduced with

permission from [42]
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of polystyrene is empirically known to have significant molecular weight

dependence, as noted in Eq. (5.2) [61].

γ
A, i ¼ γ

A,1 � keNi
�2=3 ð5:2Þ

where γA,i and γA,1 are respectively the surface tension of the examined polysty-

rene and that of an infinite molecular weight polymer. ke is a constant related with

and Ni is the degree of polymerization.

Thus, the lowermolecularweight componentwas segregated at the surface, and this

tendency became more pronounced with an increasing molecular weight difference.

This behavior can be explained in term of the existence of a conformational or

translational entropic penalty for a longer chain at the surface in addition to a prefer-

ential surface localization of end groups. With decreasing chain length, the entropic

penalty at the surface drops, and the number of end groups at the surface increases.

As a consequence it is obvious that polymer dispersity will have an influence on

surface segregation. Smaller chains in the samples will migrate at the interfaces

[62]. Tanaka et al. used scanning force microscopy in order to investigate the

surface molecular motion of PS films. It was revealed that the surface was in a

glass/rubber transition state at 293 K due to the surface segregation of the lower

molecular weight chains of a polydisperse blend (compared with 373 K in the

bulk) [63].

The effect of the molecular weight is also affecting the surface chemical com-

position in a blend of symmetrical component. Kawagushi et al. showed by XPS that

the number density of chain ends at the surface is inversely proportional to the

molecular weight [57]. Figure 5.6 shows the integral intensity ratio of signals F(1s) to

C(1s) for three mass symmetrical blends of hPS-F/dPS of 93,000, 48,000 and

25,000 g mol�1. Since chain-end groups contain F atoms, the value of IF/IC reflects

the chain-end concentration in the surface region. The emission angle of the photo-

electrons corresponds to a certain analytical depth, which increases with sin θ. For
all the films, the ratio IF/IC increased with decreasing analytical depth, but also

increased with decreasing molecular weight at a given analytical depth. Thus, it is

Table 5.2 Surface segregation in a polystyrene isotopic blend, effect of the molecular weight

(Data extracted from [19])

Entry DPn dPS DPn hPS ϕb ϕs RS¼ (ϕs�ϕb)/ϕb

1 288 288 0.45 0.48 0.067

2 480 480 0.41 0.53 0.293

3 4,808 112 0.48 0.1 �0.792

4 291 0.48 0.32 �0,333

5 500 0.48 0.49 0.021

6 923 0.51 0.60 0.176

7 4,808 0.40 0.67 0.675

ϕb deuterated polystyrene bulk volume fraction

ϕs deuterated polystyrene surface volume fraction

Rs is the relative surface enhancement of the deuterated polystyrene
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clear that fluoro chain ends were partitioned to the surface, and their concentration

increased with decreasing molecular weight. It as to be mentioned that this effect is

the inverse than the one above mentioned when Hariharan mixed hPS and dPS of the
same molecular weight in which segregation was exalted by increasing molar

masses [19]. The difference is that the enthalpic gain due to surface enrichment of

high energy end-chains has a greater influence than the entropic penalty resulting

from mixing of high molecular weight components.

5.3.2.2 Effect of the Chain Architecture

Theoretical studies have predicted that branched polymers such as stars, combs or

dendrimers (Fig. 5.7) should be preferred at the surface in the absence of other

differences between the two components of a blend [13, 64, 65]. Three explanations

Fig. 5.6 F/C intensity ratio

in function of depth in

symmetrical blend of fluoro

α,ω-end-functional
protonated polystyrene

(α,ω-hPS(Rf)2) and
deuterated PS, measured

by angle dependent XPS.

Reproduced with

authorization from [57]

Fig. 5.7 Polymer topologies studied for surface segregation, (a) linear, (b) comb, (c) dendritic
end-chain/pompom, (d) star, (e) dendritic/branched
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have been suggested to explain this behavior: the favoring of multiple chain ends at

the polymer–air interface, the connectivity points of these structures, and a dimi-

nution of conformational entropic penalty and/or augmentation translational entro-

pic gain when the branched structures are localized at the surface [66, 67]. Indeed,

to explain this last point, a common surface definition is that the material density

should drop from its bulk value to zero. As a consequence this depletion region

leads to a favorable coupling between the surface and the component with the lower

value of the pure-component parameter β2¼Rg
2/V (Rg being the chain radius of

gyration and V its molecular volume) [65]. Stars, comb, dendritic and all multi-

branched macromolecules are known to have a lower conformational entropy

related parameter β [68–70].

The first experimental verification of these models came in 2000 when Foster

et al. synthesized a six-arm star polystyrene using anionic polymerization

[71]. They demonstrated the surface enrichment of the star in isotopic blend with

a linear polystyrene counterpart by dynamic secondary ion mass spectroscopy.

However, in this study the star polymer was the deuterated component and had a

lower molar mass than the linear matrix. Therefore, one could question if these two

factors aren’t themselves driving the surface segregation.

In 2008, Qian et al. synthesized two series of four-arm and eleven-arm star

polystyrene with six different molar masses for each case. They determined surface

tension of single component polymer film using a Wilhelmy plate technique

[72]. Their findings were that star polymers presented a lower surface tension that

linear polystyrene and that this value decreased with increasing number of arms.

This behavior was explained by a lattice model considering finite compressibility of

the chain and density gradient in the polymer blend. Thus this study implied that

when mixed with a linear polymer star-shaped macromolecules would segregate to

reduce the surface tension.

Hyperbranched and comb polymers have also been used as surface active

additive. Ariura et al. synthesized by combination of anionic and cationic polymer-

ization a monodispersed hyperbranched polystyrene [73]. The authors proved by

combination of DSIMS and neutron reflectivity the preferential surface enrichment

of the branched protonated macromolecules when blended with its deuterated linear

polystyrene counterparts with the same molar mass. Other systems involving the

segregation of the branched macromolecules in binary blends were demonstrated

such as in polyamide [74] or poly(methylmethacrylate) [75].

In all these cases is reported the importance of the end-chain on the superficial

migration of the additive. On the contrary, diffusion of cyclic polymers having no

chain ends would be of great interest in the study of polymer surface segregation. In

2006, Tanaka compared time evolution of isotopic interfaces in two bilayers

films, one made of cyclic polystyrene (c-hPS/c-dPS) and the linear counterpart

(l-hPS/l-dPS) [76]. He showed that interdiffusion of the cyclic macromolecules was

faster than the linear polymers one. Therefore, it would be very interesting to

examine the surface segregation behavior of a binary film composed of a cyclic

additive in a linear matrix.

112 A. Bousquet and J. Rodrı́guez-Hernández



5.3.2.3 Effect of the Crystallinity

The use of crystalline or semicrystalline polymers blends also affects the surface

segregation. An illustrative example of the use of how semicrystalline polymers

induce variations on the migration phenomena was reported by Li et al. [77]. This

group studied blends of two different polymers BA-C8 (matrix) and 6FBA-C8

(additive) that are respectively semi-crystalline and amorphous polymers

(Fig. 5.8). Even though the polymers are miscible in the bulk as a result of the

similar chemical structure, surface segregation of the 6FBA-C8 polymer still occurs

due to its lower surface energy. Moreover, this effect is largely observed at the

crystalline regions. An additional driving force for 6FBAC8 to segregate to the

surface was provided by the crystallization of BA-C8. The authors showed an

increase in the surface energy of pure BA-C8 as it crystallizes. This would increase

the thermodynamic driving force for the migration of the low surface energy

component of the blend. As BA-C8 crystallized, more 6FBA-C8 migrated to the

crystalline regions, causing the surface of the crystalline regions to rise above the

amorphous regions.

5.3.3 Surface Segregation kinetics

The segregation of one of the additives towards the interface is (as mentioned

above) a thermodynamic process and will occur until the two terms of equation

(1) achieve the equilibrium state. However, depending on the polymer blend (type

of components, ratio between the components, molecular characteristics of the

components) the kinetic of this process can vary significantly. It has to be men-

tioned that an annealing process is required in order to accelerate the surface

migration. Clarke et al. studied the segregation of end-functional carboxylic acid

polystyrene in a PS matrix by neutron reflectivity and helium (3) nuclear reaction

analysis [78, 79]. Figure 5.9 shows the concentration/depth profile of the dPS-
COOH additive (80,000 g mol�1) in the hPS matrix (500,000 g mol�1) during an

annealing at 150 �C in vacuum. They observed an additive depletion from the

surface and an enrichment at the polymer–SiO2 substrate interface that continue up

to 7 days.

Fig. 5.8 Chemical structure of the copolymers BA-C8 and 6FBA-C8 [77]
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The shape of this profile is particularly interesting; it shows a substantial

depletion region behind the enriched zone, where the volume fraction of the

functionalized polymer is less than the bulk one. This behavior gradually

disappeared as the annealing time increased. The authors described this phenome-

non as a two steps mechanism; first the additive in the first 150 nm close to the

interface will migrate to lower the interfacial tension, and secondly the “bulk”

additive will segregate towards the depletion zone to reach an osmotic equilibrium

between the components in the film. When thermodynamic equilibrium is reached

(in this case after 10 h) the depletion layer does not exist anymore. Diffusion

coefficient of the functionalized chains has been estimated to be around

3.10�14 cm2 s�1. This value cannot be compared to other systems because it

strongly depends of the glass transition temperature of the polymer matrix and

the annealing temperature [59, 80].

As a last example of the migration kinetic and the power of the interface driven

segregation, Schulze et al. showed by Forward recoil spectrometry that amino

end-group polystyrene could go through more than 500 nm of non-functional PS

to reach the interface with PMMA during a vacuum annealing at 174 �C
(Fig. 5.10) [81].

5.3.4 Surface Segregation of a Functional Polymer:
Other Systems

Most of the cases discussed above are related to the use of polystyrene, but surface

segregation is a universal phenomenon and can be transposed to other systems.

Table 5.3 reports a non-exhaustive list of binary blends in which segregation

occurred and in which the surfaces were decorated with functional groups.

End-functional fluoro polymers are commonly developed via different chemistries

(ring opening, controlled radical or anionic polymerization) and used as surface

Fig. 5.9 Concentration/

depth profile of a dPS-
COOH additive

(80,000 g mol�1) in the hPS
matrix (500,000 g mol�1)

during an annealing at

150 �C in vacuum.

Reproduced with

permission from [78]
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Fig. 5.10 Diffusion of deuterated PS-NH2 through PS to a PPMA interface at 174 �C. Reproduced
with permission from ref. [81]

Table 5.3 Surface segregation in polymer blends

Matrixa Additive

Annealing

conditions ϕb
b ϕs

b Remark Ref.

PDMS PDMS-NH2 Vaccum, RT,

24 h

– ϕs <ϕb NH2 depletion [82–84]

PDMS-

COOH

ϕs <ϕb COOH depletion

PDMS-OH ϕs¼ϕb No effect

PDMS-CH3 ϕs >ϕb CH3 enrichment

PE PE-F Vaccum,

120 �C, 1 h

0.04 0.3 Semi-crystalline polymer

matrix

[85]

PVP PVP-F Vaccum, RT, – ϕs >ϕb Influence of end-group on

surface Tg

[86]

Vaccum,

150 �C, 48 h

– ϕs >ϕb [87]

PEP dPEP Vaccum,

75 �C, 5 h

– ϕs >ϕb Influence of annealing

temperature and time

[88]

PLA PLA-F Vaccum,

65 �C, 16 h

– ϕs >ϕb The polymer has a

diffusion coefficient

of 160 nm2 s�1

[89]

[90]

Vaccum,

90 �C, 1 h

0.05 0.5

PEO PEO-F Vaccum,

90 �C, 12 h

– ϕs >ϕb Influence of polymer

conformation

[91]

aPDMS polydimethylsiloxane, PE polyethylene, PVP poly(N-vinylpyrrolidone), PEP poly(ethyl-

ene propylene), dPEP deuterated poly(ethylene propylene), PLA poly(D,L-lactide), PEO poly

(ethylene oxide)
bϕb and ϕs are the mass fraction of the additive respectively in the bulk and on surface
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active additives. Hydrophobic and hydrophilic polymer films have had their surface

tension lowered by the surface segregation of these fluorine end-chains. Deuterated

polymer and high energy end-functional macromolecules have been shown to

respectively enrich and deplete various polymer surfaces. Different annealing

conditions have been used but they have all in common the fact that the temperature

has to be raised above the glass-transition temperature of the used polymer, to

ensure an efficient migration process.

However, some examples reported the surface segregation driven by surface

freezing. Surface freezing is an exception in nature where almost all the materials

exhibit the opposite behavior in surface melting. This particular feature was

reported by Dhinojwala et al. [92] that employed linear alkanes and alkane ana-

logues which are unique materials to exhibit surface freezing. More precisely, they

determined the surface composition and surface ordering temperatures in binary

mixtures containing acrylates with two different lengths of side chains. The chem-

ical attachment of alkyl chains to the backbone leads to striking differences from

the surface freezing in binary alkane mixtures. Above Ts,22 (order-to-disorder

transition of the polymer constructed with acrylates having an alkyl chain of

22 units), the short disordered side chains are preferred on the surface. However,

below Ts,22 the surfaces change discontinuously from a complete miscible to a

complete immiscible surface layer. The long ordered side chains completely cover

the surface for bulk composition as small as 2 wt%.

5.3.5 Avoiding Surface Segregation in Polymer Blends

Surface segregation has been depicted in both compatible and incompatible

polymer blends. In general, miscibility does not alter the preferential placement

of one of the components at the interface. Therefore, preventing surface segrega-

tion would require additional considerations. An interesting approach has been

reported by Liu et al. [93]. They demonstrated that it is possible to eliminate

surface enrichment of the low energy component at the surface when the interac-

tion between the components in a particular blend is strong enough. To prove this

concept they studied blends of poly(styrene-co-hexafluorohydroxyisopro-
pyl-α-methyl styrene)/poly(4-vinyl pyridine) (PS(OH)/PVP). The interaction

between the two components could be controlled by changing the density of

hydrogen bonding through the adjustment of the hydroxyl content of the PS

(OH) component. When the hydroxyl content was lower than 5 mol%, the surface

of these polymer blends was largely enriched with PS(OH) because of the

difference in surface free energy between PS(OH) and PVP. On the contrary,

when the hydroxyl content was higher than 21 mol%, complexes formed render

the surface and bulk compositions very similar.

In the following parts we aim to provide an overview of the possibilities of using

surface segregation not only to functionalize and but also to nanostructure polymer

surfaces. For this purpose, we will introduced the micro phase separation of block

coppolymers first in bulk and then to surfaces.
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5.4 Phase Separation in Block Copolymers
and Block Copolymer Blends

5.4.1 Block Copolymer Self-Assembly in Bulk: Few Concepts

As has been already introduced, block copolymers consist of two distinct polymer

chains that are covalently bonded. This unique feature allows them to exhibit

particular microphase segregated domains. Effectively, whereas the incompatibility

between the two blocks induces the macrophase separation, the covalent bond

avoids the latter to occur. Instead, block copolymers self-assemble into ordered

micro-phases. This is today a well-established phenomenon, and the phase behavior

as well as the domains size both in bulk and thin films has been described in terms

of both interfacial tension between the blocks and entropic stretching energies of

the two blocks [94]. Thus, block copolymer with a low interaction Flory–Huggins

parameter or short chain lengths of the blocks will produce disordered phases. On

the other hand, by assuming a large Flory–Huggins interaction parameter [95], the

degree of polymerization and relative volume of each block fX dictates the mor-

phology obtained. Common periodic phases for a diblock copolymer with increas-

ing fA include lamellae (symmetric block copolymers), to cylinders or spheres

(large asymmetric block copolymers) (Fig. 5.11). However, whereas this is partic-

ularly true in bulk, thin film with the presence of interfaces (air or substrate)

introduces new variables that need to be considered. Some of them have been

already introduced and can be equally applied for the case of block copolymers.

5.4.2 Block Copolymer Composition and Microphase
Separated Morphologies at Interfaces

In addition to the microphase separation phenomenon, in the presence of an

interface, the affinity of one of the blocks by the interface influences the final

rearrangement of the block copolymer at the outmost surface as has been already

reported, for instance by Coulon et al. [96] for the case of polystyrene-b-poly
(methyl methacrylate) block copolymers (Fig. 5.12). Initially, upon spin coating

the block copolymers are rather disordered due to the fast evaporation process.

However, upon annealing reorganization occurs and nanometer scale phases rich in

each of the components are observed. Finally, the difference in the surface energies

of the components forces the orientation of these domains parallel to the surface,

with the lower-surface-energy block located at the surface [96–98].

The initially favorable situation where the low surface energy component is in

contact with the air interface can be modified if, for instance, the environment of

exposure changes. In effect, surface rearrangement occurs when polymeric films

of amphiphilic copolymers reorganize at the surface depending on the environment

of exposure. As a result of changes in the hydrophilicity of the environment, the
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moieties have the capability to exhibit either the low or the high energy functional

groups at the interface. Actually, the interaction between the environment and the

components as a function of their surface energy has been demonstrated in several

works [99–101]. For instance, Nakahama and coworkers [102, 103] used this

property to design materials that reconstruct in response to a change in the envi-

ronment. In particular, the authors described the preparation of block copolymers

based on a hydrophobic segment (polystyrene, polyisoprene or poly

(4-octylstyrene)) and a hydrophilic poly(2,3-dihydroxypropyl methacrylate) (poly

(DIMA)). As evidenced by different techniques (TEM, XPS and contact angle

measurements) the as-cast film of poly(styrene-b-DIMA) exhibits the enrichment

of polystyrene segments in the top surface region and that the polystyrene layer at

the surface is substituted with the hydrated poly(DIMA) segment upon exposure of

the film to water. The longer the exposure to water, the greater is the reconstruction,

until only the hydrophilic block is in contact with the water. The reversal of the

Fig. 5.11 Schematics of thermodynamically stable diblock copolymer phases. The A–B diblock

copolymer, such as the PS-b-PMMA molecule represented at the top, is depicted as a simple

two-color chain for simplicity. The chains self-organize such that contact between the immiscible

blocks is minimized, with the structure determined primarily by the relative lengths of the two

polymer blocks ( fA). Reproduced with permission from ref. [95]

118 A. Bousquet and J. Rodrı́guez-Hernández



hydrated surface back to the hydrophobic one through annealing treatment was

detected by XPS.

Other examples include the use of segmented block copolymers rather and

diblock copolymers [100, 104]. For instance, Pike et al. [104] of poly(dimethyl-

siloxane-urea-urethanes) by dynamic contact angle. The authors immersed the

polymer films in water and studied the time-dependent advancing and receding

contact angles. They observed that whereas the advancing contact angles are

relatively constant with immersion time, the receding contact angles decrease to

some equilibrium value after a few days exposure to water. From these experimen-

tal results, they proposed a mechanism in which the hard block urethane-urea

domains migrate through the soft block silicone to the polymer–water interface.

Fig. 5.12 Schematic of the surface-ordering process in a diblock copolymer. The top diagram

shows the diblock copolymer in a phase mixed state. This is not accessible for PS/PMMA

co-polymers via solvent-casting processes. The center diagram corresponds to a microphase-

separated morphology where the periodic lamellar microdomains are randomly oriented in the

specimen. After annealing for 24 h at 170 �C, the copolymer exhibits a lamellae morphology

oriented parallel to the surface as shown in the bottom picture. Reprinted with permission from

ref. [96]
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Block copolymers in thin films tend to self-assemble in different structures

depending on the volume fraction of the blocks ( fX) but also on the interface. In

the case of an A-B diblock copolymer and using the volume fraction of the

A block ( fA) as reference, we can observe the formation of spheres in a body-

centered cubic (BCC) lattice surrounded by a matrix of B when the fA is small. An

increase of fA up to 0.5 will induce the formation of lamellae. Intermediate values

will lead to a hexagonal or double gyroid structure. When considering thin films

(fewer than 100 nm) the population of polymer molecules close to the interface is

significantly higher than in bulk and therefore interfaces play a central role in the

orientation and order of the microdomains. Hence, the nanodomain formation is

strongly influenced by the affinity of each block with the surface [105]. As a

consequence, similar structures can exhibit different orientation to the substrate

surface (Fig. 5.13). Thus, cylinders (hexagonal packing) and lamellae can be

Fig. 5.13 When confined to a thin film, the orientation of block copolymer domains with respect

to the substrate surface is crucial for many applications. (a) Lamellae lying parallel to the

substrate, (b) lamellae aligned perpendicular, (c) cylinders lying parallel, (d) cylinders perpen-
dicular, and (e) spheres. In the case of lamellae in the perpendicular orientation and cylinders in

parallel, lines can be patterned if the persistence length of the structure can be controlled. In the

case of upright cylinders and spheres, the grain size and perfection of the hexagonal array is of

primary importance. Reproduced with permission from ref. [105]
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either parallel or perpendicular to the surface. The final orientation of these

structures will determine the domain of application. As an example, perpendicu-

larly oriented cylinders may be of interest for data storage whereas cylinders lying

parallel to the surface can be on interest to prepare nanowires. It is outside the

scope of this chapter to provide a thorough revision of this field but rather

introduce the key aspects on thin film formation. For a detailed discussion in

this field the readers are referred to previous contributions [94, 105–109].

5.4.3 Role of the Film Thickness on the Thin
Film Morphology

The film thickness determines the particular arrangement of the block copolymer.

As an example of the role of the film thickness on the morphology, Knoll et al.

[110] studied the case of polystyrene-block-polybutadiene-block-polystyrene
(PS-b-PB-b-PS) with tendency to form cylindrical microdomains. This group

observed, parallel orientations of PS cylinders in thin films with a thickness of

2–3 domain spacing. On the contrary, perpendicular orientation may be favored

under controlled conditions of solvent evaporation in spin cast films. More

interestingly, a gradual increase of the thicknesses led to a terrace morphology

containing different block copolymer structures (Fig. 5.14). They succeeded in

the construction of a diagram having these main features. First of all, perpendic-

ular cylinders were observed in the thinnest films and in transition regions

between terraces of parallel cylinders. There is a transition from perpendicular

cylinders to a perforated lamellar structure upon increasing polymer concentra-

tion in the solvent chloroform. This is driven by the segregation of PB to both film

surfaces, leading to its depletion in the center of the film and hence the formation

of PB-perforated PS lamellae.

5.4.4 Phase Separation in Block Copolymer–Homopolymer
Blends

The theory and experimentally structures exhibited by homopolymer–copolymer

(A/A-B) blends were reported by De Gennes [111] and Gallot et al. [112] based on

previous studies of Hashimoto et al. [113–115] who proposed a classification in

terms of solubility of the copolymer brushes by the homopolymer. They

established three different situations depending on the molecular weight of the

homopolymers in the blend [113–115] (Fig. 5.15). They defined a situation (I) in

which the homopolymer (generally a low molecular weight) can be completely or

“uniformly” solubilized into the A block domains of similar chemical nature.

In situation (II) the solubilization of the homopolymer in the block copolymer
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Fig. 5.14 (a, b) TM-SFM phase images of thin SBS films on Si substrates after annealing in

chloroform vapor. The surface is everywhere covered with a ~10-nm-thick PB layer. Bright (dark)
corresponds to PS (PB) microdomains below this top PB layer. (c) Schematic height profile of the

phase images shown in (a, b). (d) Simulation of an A3B12A3 block copolymer film in one large

simulation box with increasing film thickness. Reproduced with permission from ref. [110]

A-B diblock copolymer

Situation (i) Situation (ii)

Situation (iv)

Low Mn
Homopolymers

High Mn
Homopolymers

Situation (iii)

A Homopolymer
B Homopolymer

Fig. 5.15 Morphologies obtained in homopolymer–block copolymer blends depending on the

molecular weight of the homopolymer employed. Reproduced with permission from ref. [120]
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occurs only to a limited extent, i.e., we speak about partial or “localized”

solubilization. In these two situations the increase of the volume of the phase A

changes the interfacial curvature thus leading to a transition between different

morphologies. As a result of the incorporation of a low molecular weight homo-

polymer we can elaborate materials with morphologies ranging from lamellar

phase or the intriguing OBDD (ordered bicontinuous double-diamond) to hexag-

onal lattices exclusively depending on the % of homopolymer introduced in the

initial blend [116]. When A and B homopolymers are mixed with the block

copolymer forming a ternary blend both can be solubilized in each A and B

blocks. As a consequence, depending on the proportion of homopolymer/block

copolymer introduced, the shape of the interface can be either maintained or

modified (Situation III). The interfacial distribution of the block copolymer, i.e.,

the distance between two block copolymer chains will increase as a consequence

of the incorporation of homopolymer in both phases. Finally, DeGennes and

Gallot described a situation (IV) in which the low solubility of the homopolymer

induces the formation of particular structures combining macrophase separated

domains rich in diblock copolymer (in which additionally microphase separation

may be observed) randomly distributed and areas formed by the homopolymer

host. Situation (IV) is generally found in blends with diblock copolymers with

large incompatibility between the blocks (given by the Flory–Huggins parameter

(χ)) or in blends in which the molar masses of homopolymer and diblock copol-

ymer differs significantly [117–119].

Provided a large difference in molecular weight between the block copolymer

and the matrix, we have to take into account that the relative ratio between the

segments in the block copolymer plays an important role in the final morphology.

As depicted in Fig. 5.16, typically, for AB block copolymers with similar volumes

of block A and B we observe the formation of a lamellar phase that turns into a

so-called “onion ring” pattern when blended with a A homopolymer. On the

contrary, asymmetric block copolymers with larger A block tend to produce

micellar aggregates randomly distributed in the homopolymer phase.

5.5 Surface Segregation in Block Copolymer Blends:
Self-Assembly and Nanostructuration at the Interface

Block copolymers have been usually incorporated in polymer blends among others

to improve the compatibility of different blend materials. Therefore, the studies

carried out have been mainly focused on bulk. As a consequence, the study of

polymer blends surfaces having block copolymers have received limited attention.

Studies concerning functional surfaces produced by surface segregation of

copolymers typically involved the use of either double hydrophobic copolymers

[121, 122] or amphiphilic block copolymers [123–126] as additives to be placed

at the surface. These copolymers are designed to contain hydrophobic segments
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similar in nature to the polymer matrix employed. Examples of amphiphilic block

copolymers employed include polystyrene-block-poly(acrylic acid), polystyrene-
block-poly(L-glutamic acid) or polystyrene-block-poly(2-[2-(2-methoxyethoxy)

ethoxy]ethyl methacrylate). In the first two examples, the hydrophilic groups

were placed at the surface by annealing in water vapor. The latter exhibits a

particular feature. Yokohama et al. used a block copolymer of polystyrene

(PS) and 2-[2-(2-methoxyethoxy)ethoxy]ethyl methacrylate (PME3MA) that

spontaneously exposes the PME3MA block, which was soluble in water, to the

surface in a vacuum. PS-b-PME3MA mixed with polystyrene (PS) segregated to

the PS surface and changed the hydrophobic PS surface into hydrophilic surface.

[123, 124] As depicted in Fig. 5.17b, segregation of dPS-b-PME3MA to the

surface of PS provides a surface which is apparently hydrophobic but becomes

hydrophilic upon contact with water. More interestingly, the segregation of

dPS-PME3MA occurs even in hydrophobic environment and persists after

prolonged annealing in a vacuum or air. The authors claimed that the methyl

termini of the side chains that exhibit low surface energy are the cause of this

observation. Those methyl termini cover the surface, and the ethylene oxide part

of the side chains are screened out from the surface. Once the surface is exposed to

water, the surface reconstruction occurs quickly, and the wetting behavior of

water changes drastically.

Situation (iii)

A-B diblock copolymer
A Homopolymer

DPn(A)>>DPnBDPn(A)<<DPnB

Lamellar domains 
‘Onion-ring’ pattern

Micelles

Fig. 5.16 Structures obtained depending on the volume fraction of the blocks. Reproduced with

permission from ref. [120]
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The incorporation of block copolymers instead of single functional groups and

the use of a polymer matrix with a relative high Tg exhibits two major advantages.

First, the surface composition long-term stability is assured by the high glass

transition temperature of the polymer (for example polystyrene) used as a matrix

with very low chain mobility at room temperature. Second, since we are introducing

segments rather than single functions, the system may form a microphase segre-

gated interface between the two incompatible blocks that limits, at least to some

extent, further rearrangement of the surface. The latter, i.e., the particular

rearrangement of the surface segregated block copolymers at the interface has

also more interesting consequences. As mentioned in the previous paragraph, the

addition of block copolymers into a polymer matrix modifies the structure of the

blend either altering the microstructure or inducing the formation of both

microphase and macrophase separated domains. This phenomenon, largely

described for polymer blends in bulk has received limited attention in surfaces.

In this section we introduce some examples on polymer blends containing block

copolymers in which the block copolymer can self-assemble at the interface

producing nanostructured and eventually microstructured domains.

A crucial aspect on polymer blends containing block copolymers concerns the

concentration of block copolymer both in bulk and at the surface. The former can be

controlled in the design of the initial blend and the latter depends not only on the

amount initially introduced in the blend but also on the eventual surface segrega-

tion. In Fig. 5.18 is schematically illustrated the block copolymer arrangement of

binary blends with variable amount of block copolymer. At low concentrations

(a, b) the block copolymer can reside either in the bulk or at the interface and the

amount of block copolymer segregated at the interface is directly related to the

Fig. 5.17 (a) Chemical Structure of Poly{(deuterated styrene)-block-2-[2-(2-methoxyethoxy)

ethoxy]ethyl methacrylate}(dPS-b-PME3MA). (b) Schematic pictures of the conformations of

dPS-b-PME3MA in a mixture with PS in air (or in a vacuum) and in water. At the surface in a

vacuum or air, the terminal methyl groups of the side chains, filled circle, cover the surface. In

water, the water-soluble PME3MA blocks are anchored onto the surface of polystyrene and

stretching out into water. PME3MA blocks cover the surface in either hydrophobic or hydrophilic

environment
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block copolymer in the bulk. An increase of the amount of block copolymer in the

initial blend will eventually lead to a saturation of the block copolymer concentra-

tion at the surface (c). From this point, addition of copolymer in the blend will lead

to formation of micelles in the bulk. This effect indicates that self-assembly by

reorganization of block copolymers at the surface can produce nanostructures

above the so-called critical micelle concentration (CMC).

As a consequence of the surface self-assembly different microdomain morphol-

ogies can be formed. These morphologies can be observed directly after film

formation or may be formed upon segregation of block copolymers to preexisting

interfaces [125, 126]. According to Shull et al. [127] two aspects play amajor role on

the segregation of block copolymer micelles to the interfaces. On the one hand,

segregation is the result of the attractive interactions between the polymer brushes

and a free surface. On the other hand, both surface and interface segregation of block

copolymer micelles requires high molecular weight homopolymer matrix phases

[125]. Taking into account this molecular weight requirements surface segregation

has been employed, for instance, by Ibarboure et al. [128] to both functionalize and

nanostructure interfaces of homopolymer–block copolymer blends. The use of

rod-coil block copolymers, i.e., poly(L-glutamic acid)-block-polystyrene affords

different patterns depending on the block copolymer composition (Fig. 5.19).

Short polypeptide blocks are unable to stabilize the formation of α-helical secondary
structures and form either β-sheet or coil structures. As a consequence, block

copolymers composed by polypeptide chains below 20 units mixed with

homopolystyrene tend to form micelles within the homopolystyrene phase. In the

case of longer polypeptides that stabilize the α-helical structure, a rod-like structure
is formed. As a result of these structures and in spite of the asymmetrical composi-

tion of the block copolymers, lamellar structures were observed.

Fig. 5.18 (a) Schematic illustration of segregation mechanism as a function of the block copol-

ymer concentration within the blend. At low concentrations (a, b), the segregation isotherm

linearly depends on the concentration in bulk. Further segregation is prevented in (c) as a

consequence of the brush layer at the surface. Above this concentration (d) micelles start to

form. Adapted from ref. [123]
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Similarly, Ansari et al. [121] described the synthesis of polystyrenes

functionalized with multiple fluorocarbon groups with are known to be highly

surface-active in blends with homopolymer polystyrene (hPS). This additive is

able to diffuse to the polymer air interface and the fluorocarbon groups enhanced

the hydrophobicity of the surface. The authors established a correlation between the

surface properties and the bulk behavior founding parallels between the aggregation

and adsorption of these functionalized polymers in blends similarly to the model

proposed among others by Yokohama and Shultz. Moreover, the amount of fluo-

rocarbon within the additive plays a key role on the surface activity. More precisely,

the surface activity of the additives employed is enhanced by increasing the amount

of fluorocarbon within the additive. In addition, depending on the molecular

structures the surface segregated additives formed particular nanometer size mor-

phologies. Over the molecular weight range considered, polystyrene functionalized

with two C8F17 fluorocarbon groups was fully miscible with hPS but appeared to

form soluble micelles at concentrations above 12 % (w/w). Polystyrenes

functionalized with more than two C8F17 groups were only partially miscible

with hPS and formed multilamellar vesicles.

Fig. 5.19 AFM images of polymer blends having (i) 30 wt of diblock copolymer PS27-b-PGA70

and 70 % of polystyrene and (ii) 20 % of diblock copolymer PS49-b-PGA17 and 80 % of

polystyrene. The diblock copolymer employed is asymmetric having either a larger hydrophilic

polypeptide block (i) or a larger hydrophobic polystyrene block (ii). Reproduced with permission

from ref. [128]
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The polymer concentration may not only influence the formation of microphase

separated structures but also the dimension of the block copolymer domains at the

interface. For instance, Ibarboure et al. [128] elaborated nanostructured surfaces

composed of polystyrene-block-poly(L-glutamic acid) (PS27-b-PGA70) mixed with

a high molecular weight linear polystyrene homopolymer (PS600). As depicted in

Fig. 5.20, after spin coating from THF solutions, the surface exhibits diblock

copolymer rich circular domains in a homopolymer-rich disordered phase in

which the diblock copolymer, i.e., PS27-b-PGA70, appears to form alternating

lamellar microdomains of PS and PGA blocks. The size of the diblock copolymer

rich domains has been found to vary with the quantity of diblock copolymer within

Fig. 5.20 Dependence of the macrophase separation on the block-copolymer concentration within

the blend. (a) 15 wt%, (b) 30 wt%, and (c) 60 wt% of diblock copolymer within the blend.

Reproduced with permission from ref. [128]
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the blend. While the mixtures having 15 wt% of diblock copolymer lead to

microphase separated domains with sizes around 200–350 nm, the mixtures

charged with 30 wt% afford 400–600 nm domains. The areas formed with major

proportion of diblock copolymer (60 wt%) are rather large (several microns) and

polydisperse.

In addition to the nanoscale features produced by interfacial self-assembly of

block copolymers other patterning approaches can be additionally combined to

induce microscale features. As an example, the elaboration of micrometer size

patterned surfaces by UV-light lithography was reported where, in addition, the

surface chemical composition can be controlled by surface segregation of a fluori-

nated copolymer, i.e., poly(methyl methacrylate-co-2,2,2-trifluoroethyl methacry-

late) (P(MMA-co-TFMA)) incorporated in the photopolymerizable mixture:

methyl methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA)

[122]. The authors evidenced that the surface composition can be modified

depending on such factors as with the environmental conditions or the concentra-

tion of copolymer in the blend. Moreover, the surface wettability of the copolymer

is enhanced by the surface pattern created. As a consequence, the wettability of the

films can be modified depending on the pattern and composition of the blend.

The lateral pattern resolution was affected by the incorporation of P(MMA-co-
TFMA) and the amount of cross-linking agent (EGDMA) employed. The height

difference between the non-irradiated and the irradiated areas versus the amount of

cross-linking agent (EGDMA) are represented in Fig. 5.21a. Equally, Fig. 5.21a

depicts the image profiles obtained by SEM of the samples with compositions

MMA/EGDMA 85:15, 90:10, and 95:05 in which two different amounts of P

(MMA-co-TFMA) were added (10 and 20 wt%). Moreover, the films obtained

from mixtures with increasing amount of EGDMA exhibit better resolved patterns

since the depth increases with the amount of EGDMA. The height difference

between the irradiated and non-irradiated areas increase with the percentage of

EGDMA, as can be observed in the graph of the Fig. 5.21a where in the 10 wt% of

copolymer series the average highs are 8.1 μm, 9.5 μm, and 10.8 μm while in the

20 wt% series these highs are 8.7 μm, 10.4 μm, and 13.0 μm, respectively. An

increase of the EGDMA amount raises the viscosity of the photopolymerizable

mixture thus limiting the diffusion of the monomers and improving the depth of the

pattern created.

5.6 Stimuli Responsive Interfaces Obtained
by Surface Segregation

Surface segregated block copolymers have been fabricated with responsive seg-

ments that allow them upon surface segregation to vary the surface behavior as a

function of the external stimuli. Examples of responsive segments incorporated in

the block copolymer design include poly(acrylic acid) or synthetic polypeptides
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(poly(L-glutamic acid) or poly(L-lysine)) which are pH responsive and poly

(dimethylaminoethyl methacrylate) with is simultaneously pH and temperature

responsive.

For instance, surface segregation in water vapor of the blend films prepared with

polystyrene-block-poly(L-glutamic acid) PS27-b-PGA20 improved the reorientation

of the hydrophilic polypeptide block at the interface (Fig. 5.22).[129] Water contact

angle measurements supported the surface enrichment of polypeptide segments as a
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Fig. 5.21 (A) Relation between the percentage of EGDMA and the height differences between the

exposed and non-exposed areas. Squares correspond to a series of mixtures MMA/EGDMA with

10 wt% of fluorinated copolymer and circles to the same mixtures but with 20 wt% of fluorinated

copolymer. Insets: SEM cross section images of each pattern. (B) Contact angle measurements of

non-structured films of PMMA (a), p(MMA-co-TFMA) (b), a microstructured network from a

mixture p(MMA/EGDMA) 85:15 with 10 wt% of p(MMA-co-PTFMA) and either a hydrophilic

cover (c) or a hydrophobic cover (d). In both experiments photomask with 100 μm hole has been

used. Reproduced with permission form ref. [122]
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consequence of the humidity treatment. Hence, whereas the surfaces exposed to air

exhibit water contact angles of 90�, the films treated in water vapor are rather

hydrophilic, with contact angles below 50�. More interestingly, atomic force

microscopy (AFM) by measuring the interaction force between a silicon nitride

AFM tip and the substrates provided further insight on the pH responsive character

of the surface. Figure 5.21 below represents the interaction force profile between

the Si3N4 AFM tip and the poly(L-glutamic acid) functionalized surfaces annealed

to water vapor (b) measured under water at different pH values. A long-range

Fig. 5.22 Above: Scheme of a polymer blend film containing 20 wt% of diblock copolymer PS27-

b-PGA20 either annealed to air (right) or annealed to water vapor (left). Below: Normal tip–surface

interaction force between the Si3N4 AFM tip and a water annealed surface at different pH

values. The semilog representation of the force measured for the water annealed surface (inset)
illustrates the long-range exponential decay of the repulsive force. Reproduced with permission

from ref. [129]
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exponential repulsion, typical of the interaction between charged surfaces was

observed at basic pH values as a consequence of the repulsion between the tip

and the surface. However, this repulsion disappeared at low pH values below the

isoelectric point of Si3N4—where the tip is positively charged but the carboxylic

acid groups are neutralized—illustrating the responsive character of the surfaces.

Changes in the environmental pH can be also traduced in morphological changes

at the surface. Particularly interesting is the case when micellar assemblies migrate

towards the interface and modify their structure as a function of the environmental

pH. In this sense, PS-b-PAA block copolymers have been employed as additives in

blends with PS and annealed to water vapor in order to reorient the PAA block

towards the interface as is schematically shown in Fig. 5.23 [130]. Poly(acrylic

acid), is a soft acid, can exist either as a charged anion at pH values above 4.5 or as a

protonated neutral group below 4.5. Thus, in principle depending on the pH of the

water droplet, the wettability of the annealed surfaces varied accordingly.

More interestingly, the exposure of the functionalized surface to a different pH

changed the surface morphology at the nanoscale dramatically. At low pH values

holes with characteristic dimensions of 35–45 nm could be observed (Fig. 5.23i).

On the contrary, above the pKa, the number of dissociated carboxylic acid groups

increased producing a greater repulsion between the acrylic acid monomer units. As

a consequence, at pH> 7.0 the chains become fully dissociated which results in the

maximum degree of swelling of the core of the micelles and formed nanometer

scale grains.

In addition to pH responsive block copolymer, other multifunctional stimuli-

responsive additives that, via surface segregation, decorate the interface have

been also reported. [131] As an example an amphiphilic diblock copolymer,

Fig. 5.23 AFM height images of PAA-b-PS/PS blends upon annealing to water vapor (during

3 days at 95 �C) obtained in aqueous media at two different pH values: (i) pH 3.0 and (ii) pH 7.0.

Right images above are 1� 1 μm2, below images are 0.35� 0.35 μm2, and the height scale is

0–10 nm. As depicted in the cartoons, depending on the environmental pH values, the PAA either

protonated or dissociated collapse or stretch respectively resulting in the formation of nanometer

sized holes or grains. Reproduced with permission from ref. [130]
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i.e., PS-b-poly(N,N0-dimethylaminoethylmethacrylate) (PS-b-PDMAMEMA) or

PS-b-poly(N,N0-diethylaminoethylmethacrylate) (PS-b-PDEAEMA) was blended

with a homopolystyrene employed as polymer host. The surface prepared using

these two block copolymers as additives exhibit both thermal and pH responsive

behavior. More precisely, the pH response of the pristine surfaces and the water

vapor annealed films was first investigated by contact angle measurements

employing water drops at different pH values. Figure 5.24 depicts the water contact

angle values obtained as a function of the pH of the drop between pH¼ 1 and 12.

Whereas the pristine films exhibit contact angle values of about 86–90� indepen-

dently of the pH of the water drop, the contact angle values of the samples exposed

to water vapor remain constant above pH 4.5 at values of 83–85� but decreased

significantly below this pH to values around 45�. Moreover, the PDMAEMA

exhibit a lower critical solubility temperature (LCST). Below the LCST the poly-

mer is soluble in aqueous solution whereas above the LCST the polymer chains

prefer to form intramolecular interactions and precipitate in water. The surface

wettability of these films was investigated by means of the Wilhelmy technique that

provides values about the decrease of the surface tension. For that purpose, spin

coating of the polymer blends of diblock copolymer and homopolystyrene on two

plates of similar size were bonded by the opposite faces. The bath temperature was

varied between 20 and 60 �C, below and above the LCST of PDMAEMA and

maintained at high pH values (above the pKa). For the non-annealed samples at

temperatures above the LCST, the surface tension decreases as a consequence of

the enhanced hydrophobicity of the surface. At lower temperatures, the same

surface exhibit larger surface tension values, indicating higher surface

hydrophilicity.

Variations on the environment of exposure, for instance, between hydrophilic

water vapor or dry air will also induce responses at the surface level [100, 132]. The

response to environmental changes has been typically followed contact angle

measurements during successive annealing treatments either to water or to dry air

[133]. Figure 5.25 shows the contact angles obtained as a function of the exposure

Fig. 5.24 Left: Contact angle measurements of a blend containing 20 wt% of (3) and 80 wt% of

PS as a function of the pH annealed to air (green curve) or to water vapor (red curve). Right: Water

drops at either acidic pH or basic pH on a polymer surface annealed to water vapor. Reproduced

with permission from ref. [131]
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time. Whereas water contact angles decrease for material annealed in contact with

water, they perfectly recover after annealing in air. Consecutive treatments with dry

air/humid vapor produced hydrophilic and hydrophobic surfaces and evidenced the

reversibility of the surface rearrangement.

Not only the surface wettability but also the morphology has appeared to be

largely influenced by the environment of exposure. As an example of the micro-

structural changes at polymers blend surfaces, an example is include in which a

block copolymer a hydrophilic polypeptide, poly(L-glutamic acid) (PGA) able of

changing back and forth the secondary structure between rigid rod-like structures to

disordered random-coil. It is well known that although PGA forms preferentially

α-helical structures in bulk, films exposed to solvents, such as water or TFA disrupt

the structure and a transition is observed to a rather random-coil structure. This

ability has been employed to finely tune the structuration within the diblock

copolymer rich droplets. Films were exposed to water vapor in a closed vessel

and kept at 90 �C during 2 days and rapidly cooled to room temperature to fix the

structure and dried under vacuum. As depicted in the AFM images of Fig. 5.26, the

structure observed in the microphase separated domains changes from a lamellar

phase to either cubic or a perpendicular oriented hexagonal phase. According to the

authors, during annealing to water vapor, water (pH 7) is partially condensed at the

surface and deprotonates, at least partially, the carboxylic acid functional groups

(pKa 4.8) of PGA. Repulsion between negatively charged side chain groups leads to
monomer repulsion, the α-helical structure is disrupted and the polypeptidic hydro-
philic domains change from a rod-like α-helical structure obtained directly after

spin coating to a more extended random coil conformation. Hence, deprotonation

by water of hydrophilic block involves changes in the secondary conformation but

also the hydrophilic/hydrophobic volume ratio is altered which may is turn respon-

sible of the variations on the morphology formed.

Fig. 5.25 Contact angles measured after successive annealing either to air at 95 �C (1) or to water

at 95 �C (2). Reproduced with permission from ref. [133]
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5.7 Conclusions and General Remarks

This chapter summarizes the potential of surface segregation in order to vary the

surface chemical composition based on thermodynamical parameters. As a result,

materials containing at least two constituents, one being of higher surface energy

than the other will evolve towards a state where the interfacial tension is minimized.

Minimization of the surface energy requires overcoming entropic forces and drives

the movement of one of the components towards the material surface. So that, in

principle, and as has been reviewed in this chapter one can tailor the surface

properties of a polymer film.

This chapter also discusses those factors that play a key role on the segregation

process that can be classified as entropic and enthalpic factors. Whereas entropic

factors include those related with the macromolecular structure (molecular weight

or degree of branching), enthalpic factors involve the chemical functionality of the

components in the polymer blend. In addition, the environment of exposure can

dramatically modify the segregation depending on the polarity. Exposure of a

polymer surface to a moist atmosphere resulted in an interfacial enrichment in the

polar component. On the contrary, vacuum or dry environments favor the interfa-

cial segregation of the less polar additive.

Fig. 5.26 The AFM images (recorded in tapping mode) evidenced the morphological changes on

the local nanostructure by annealing the film to water vapor. The lamellar structure (top) is

transformed into a cubic phase (bottom). Reproduced with permission from ref. [128]
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Several major advantages of using surface segregation in comparison with other

surface modification approaches include the control of type and density of the

functional groups at the surface or the presence of a “reservoir” of the functional

component remaining in the bulk so that damaged surfaces may be repaired simply

by annealing the film.

At the same time, based on the microphase separation occurring in block

copolymers blends, including the latter may result in phase separated films

exhibiting nano-domains. The formation of nanostructured domains at the interface

induced by surface segregation of block copolymers is an interesting strategy to

fabricate surfaces with controlled functionality and patterned in one single step.

Since changes on the environment can significantly affect the thermodynamics

at the surface level structural reorganization may occur. Hence, reversible changes

on the surface properties of these materials can be easily accomplished, thus,

creating switchable materials with controlled surface wettability, charge, adhesion,

and chemical functionality.

Surface segregation is today a well-known phenomenon, and the factors

involved in this thermodynamic process are well established. Nevertheless, their

use to functionalize surface or even form nanostructured materials has received

limited attention. We believe this approach can be an excellent alternative to

modulate the surface properties of polymeric materials in multiple applications

requiring a permanent surface chemical composition or to elaborate responsive

surfaces in which changes on the surface properties reflect precise variations on the

environmental conditions.
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Chapter 6

Template Guided Structuration
of Polymer Films

David Coffey and Joseph Wei

6.1 Introduction

As detailed in previous chapters, polymer films can evolve by means of dewetting

and phase segregation. Importantly, these features can be induced, inhibited, and

guided through patterning of the underlying substrate. Figure 6.1 provides one such

example. In the experiment represented in these images, Jeong and coworkers used

a templated substrate to guide the phase separation of block copolymers into

aligned lines 8 nm in width [1]. They then demonstrated that these structures

could be used as templates for inorganic materials and cross-layered to produce

grids. Such films present opportunities in optical coatings, waveguides, and

photonics crystals. More importantly, this is an example of a fabrication technique

that is both potentially cheaper than comparable standard photolithographic

techniques and can produce structures that are impossible to generate with standard

photolithographic techniques.

To go beyond this preliminary example and understand more generally how

such structured films are created, we must delve into several questions: What

methods are available for structuring polymer films? What physical processes do

these methods employ to guide this structuring? What are the limits to these

processes—both in terms of resolution and flexibility? What are the current and

future applications of structured polymer films?
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To address these questions, this chapter is organized to cover the two most

commonly used procedures for substrate templating of polymer films—surface

chemistry templating and topographic templating. Within these sections, we will

discuss the underlying mechanisms, limits, and applications of these techniques.

6.2 Templating: Overview

When attempting to realize specific characteristics in a polymer film, an experi-

menter will often encounter a dizzying array of experimental choices. For example,

when making a polymer film simply through drop casting (coating a substrate with

a solution of polymer dissolved in solvent, and letting the solvent dry to leave

Fig. 6.1 Substrate

templating was used

to produce this polymer

film that possesses aligned,

cylindrical domains (top).
Similar films could be

oxidized to produce films

of aligned, inorganic

nanowires (middle)
and printed sequentially

at right angles to form grids

(bottom). Reprinted with

permission [1]
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behind a polymer film), the film characteristics can be impacted by the polymer

type, the polymer molecular weight distribution, the purity and defects in the

polymer, the amount of solution used, the solvent type, the processing temperature,

the substrate cleaning procedure, the substrate size, and the substrate chemistry and

roughness. As more sophisticated deposition procedures are used or as combina-

tions of solvents and polymers are used, the number of relevant experimental

variables only increases.

As detailed in previous chapters, these experimental variables can be selected to

generate films that exhibit spatial features such as dewetting or phase separation.

However, while the appearance of these features can be somewhat controlled by

changing experimental conditions—for example, switching to a more volatile

solvent during drop casting can shrink dewetting features by reducing the time

during which the dewetting proceeds—such variations will not induce long range

order in these features or place them in specific locations. One might be able to

tailor the characteristic size and separations of film features, but the exact size and

positions will vary.

The primary means for controlling film features is templating of the underlying

substrate. This is usually done by modifying the surface chemistry or topography

of the substrate the film will be deposited upon. This can be achieved through

photolithography, transfer printing (soft lithography or dip-pen nanolithography),

or soaking the substrate in a solute of molecules that self-assemble on the

surface [2–5].

Figure 6.2 demonstrates the role the substrate can play. In this example, the

same polymer blend solution (polystyrene and polythiophene dissolved in a chlo-

robenzene solution) was deposited with the same procedure (spin coating) [6].

The only difference between samples was a modification of the surface chemistry

Fig. 6.2 This sequence of images highlights the impact of the underlying substrate on an

overlaying polymer film. The films were made from a polymer blend solution where the polymer

blend ratio and the processing conditions were kept constant. The images are atomic force

microscopy height images and show where the polymers have segregated. In each sample the

substrate surface chemistry, originally gold, was coated with a different self-assembled molecule

layer to form various surface chemistries. Reprinted with permission [6]
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between substrates. The images show atomic force microscope (AFM) height

images of a small section of each film. The white/black regions represent higher/

lower topography and correspond to local enrichments of one of the two polymers,

also known as phase separation or phase segregation. The phase separation of a

polymer blend film will depend on the chemistry of the two polymers, their

molecule weights, their ratio, the solvent, the deposition conditions, and, as

shown in this figure, the substrate chemistry. The five substrates used in this sample

were silicon wafers coated with a thin layer of evaporated gold. The chemistry of

the exposed gold was modified by dipping the gold in one of five different solution

with thiol-functionalized molecules that self-assemble on gold. As can be observed,

the polymer film responded uniquely to each surface chemistry.

Figure 6.3 shows how intelligently controlling the substrate chemistry can allow

one to spatially guide structures in polymer films. In the late 1990s, Boltau et al. [7]

and other researchers pioneered methods whereby the natural phase separation in a

polymer blend film can be guided by a substrate with a patterned surface chemistry.

The film shown in Fig. 6.3 was produced by casting a blend solution of polystyrene

and polyvinylpyridine from a solvent onto a substrate. The AFM height image

shows the final polymer film topography (as the solvent evaporated, the polymers

phase separated then vitrified). The high/white regions are enriched in one polymer

and the low/black regions are enriched in the other polymer. In the rectangular

region where the underlying substrate surface was patterned with more and less

wettable lines (not shown in this image), the phase separation is ordered. It is worth

noting that the template size and surface chemistry had to be matched to the

material system and deposition conditions. For example, Boltau would have been

Fig. 6.3 80� 80 μm2 AFM

height image of a polymer

blend film. The phase

separation of the film is

ordered in a rectangular

region by the underlying

substrate (top portion of
the figure), which had a

patterned surface chemistry.

The unpatterned film area

(bottom portion of the
figure) shows unpatterned
phase separation. Reprinted

with permission [7]
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unable to generate lines ten times smaller or larger with the same polymer system

processed in the same way. The following sections of this chapter will discuss this

and other patterning rules. For now it is sufficient to recognize that a patterned

substrate can induce patterns in a polymer film.

Researchers have templated structures in numerous classes of polymer films

using a variety of methods. The next sections of this chapter will summarize two

particularly important templating methods—surface chemistry templating and

topographic templating—for single polymer films, polymer blends, and block

copolymer films.

6.3 Surface Chemistry Templates and Guided Dewetting

Dewetting in polymer films has been detailed in previous chapters, but can be

summarized here. A polymer film can be thermodynamically stable, unstable, or

metastable. In an unstable film, capillary fluctuations will spontaneously grow in a

process called spinodal dewetting. In a metastable film, the film will remain intact

except where nucleation events, possibly instigated by a contaminate (heteroge-

neous nucleation) or by a concentration fluctuation (homogeneous nucleation)

trigger localized dewetting. In both the metastable and unstable cases, a uniform

film will tend to evolve by drift and diffusion into a mottled film of polymer

droplets and dry patches with both feature types tending to grow over time.

The viscosity of the film is also an important variable in the film’s evolution.

Thermal annealing or solvent annealing will speed the process. Alternatively,

lowering the temperature or drying a film will slow or stall a film’s evolution. For

example, a polymer film held at low temperature can be energetically unstable but,

effectively, never evolve to a more favorable state. Unstable and metastable films

will kinetically evolve with a speed dependent on the temperature and, if included,

solvent concentration.

In all practical fabrication procedures, the evolution of a film structure is a

complicated and dynamic process that can only be partly understood through

equilibrium cases. In spin coating a polymer film, for example, the evolution of

the film will progress through several stages. The polymers that start fully dispersed

and weakly interacting will begin to near each other and interact as the solvent

evaporates. As the interactions increase, however, so does the viscosity. Further, the

solvent evaporation will not be uniform throughout the thickness of the film.

Eventually, before thermal equilibrium is fully established, the film will vitrify.

Images of dewet films, such as Fig. 6.3, can usefully be considered snapshots in

time of an evolving film that has vitrified.

The evolution of a simple film on a homogeneous substrate will be driven by the

surface tension of the film with respect to air and the surface tension of the film with

respect to the substrate. This interaction can either be stabilizing or destabilizing.

If the substrate is chemically heterogeneous, a driving force will arise that will tend
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to guide the polymer drift from the areas of the substrate it finds less wettable to the

areas of the substrate it finds more wettable.

In the early 2000s, Kargupta and Sharma performed a variety of simulations of

polymers dewetting on chemically patterned substrates [8–11]. Figure 6.4 shows

one such result of three polymer films dewetting on chemically patterned substrates

[11]. The white and dark regions of the first column represent more and less

wettable regions, respectively, with the distance between the wettable lines increas-

ing. The next three columns show the time evolution of the films with the color

scale representing the thickness of the polymer: the white regions represent thicker

accumulations and the black regions represent thinner dewetting regions. From top

to bottom (Fig. 6.4a–c), the width of the wettable lines remains constant while

the pitch of these lines goes from 0.75λh, 1.00λh, and 3λh, where λh is termed the

characteristic length scale of instability. λh is a simulation determined parameter of

the film that, for instance, increases as the film thickness increases. Note that the

area represented by each image correspondingly increases with the pitch.

Fig. 6.4 Three simulations of how substrate surface chemistry influence polymer film dewetting.

The left column indicates the surface chemistry of more wettable regions (white) and less wettable
regions (black). The following columns indicate the evolution of an overlaying polymer film

in time as the film is annealed. The difference between the three rows is the spacing of the wettable

lines from 0.75λh (a, top row), 1.00λh (b, middle row), and 3λh (c, bottom row). Reprinted with

permission [11]
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The annealing sequences in Fig. 6.4 show polymer dewetting being guided by

the underlying surface chemistry, with the quality of the patterning dependent on

the pitch. The 0.75λh pitch works poorly at guiding the dewetting while the larger

pitches work well. Kargupta and Sharma concluded that the dewetting follows the

underlying pattern if the surface energy contrast is sufficient and if the pattern pitch

is greater than λh.
It is worth highlighting that neither a chemically or topographically patterned

substrate can guarantee a well-patterned film. As exhibited in the top row of this

figure, features that are too small relative to the thickness of the film and the

characteristics of the polymer (such as λh) direct dewetting poorly. Analogously,

features much larger than the thickness of the film can similarly be imperfect

guides. Important factors that will typically enhance guided dewetting include

a template pitch that matches the characteristic feature length scale of the film, a

greater contrast in surface energy of the surface chemistry template, a greater height

difference or sharpness in a topographic template, thinner films, higher annealing

temperatures, and longer annealing times.

6.4 Surface Chemistry Templates and Guided Phase
Separation

When one goes from patterning a film composed of a single polymer to a film

composed of multiple polymers (or a block copolymer), the number of interactions

multiply as do the number of possible final film structures. For a single polymer

film, the factors that must be considered include the polymer-substrate interaction,

the polymer-atmosphere interaction, and the entropy of the polymer configurations.

When adding a second polymer, the additional parameters include the second

polymer’s interaction with the substrate and atmosphere, the interaction between

the polymers, the entropy of the second polymer’s configurations, and the entropy

of the two polymer’s mixing (as can be described by Flory-Huggins Theory)

[12]. Such polymer blends can exhibit not only dewetting of one or both polymers

but also segregation from each other (sometimes called phase separation and

sometimes called phase segregation). The polymer-polymer phase segregation

can occur vertically and horizontally within the film relative to the substrate and

can occur on several length scales simultaneously.

The surface chemistry of the substrate, even if the substrate is homogeneous,

will affect the film phase segregation (see Fig. 6.2). In a two component blend film

of two polymers—let us call them polymer A and polymer B—if the surface tension

of polymer A and the substrate is less than the surface tension of polymer B and the

substrate, polymer A will tend to sink towards the substrate and polymer B will tend

to rise from the substrate, producing a vertically phase segregated film. Substrate

interactions tend to dominate the atmospheric interactions, though a similar process

can lead to vertical phase separation at the atmospheric interface.
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The key to guiding the phase separation of polymer components through

a patterned substrate is that surface chemistry/surface energies will affect the

component polymers differently. Figure 6.5, from Boltau et al., shows guided

phase segregation in a polystyrene(PS)/partially brominated polystyrene(brPS)

film [7]. To produce these samples, solutions of PS/brPS were deposited on

chemically templated substrates and allowed to dry. The underlying substrate

included stripes of alternating silicon oxide and hydrogen terminated silicon fabri-

cated through photolithography. The line traces in Fig. 6.5 were generated by

imaging a trace of the film with atomic force microscopy before and after

Fig. 6.5 AFM height images of three polymer blend films guided in their phase separation by

underlying templates with varying surface chemistry. The traces at the right of each image show

the height profile of the two polymers (PS and brPS) along the trace indicated on the AFM image.

Reprinted with permission [7]
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solvent-selected removal of the PS, showing the final locations of the two polymers.

These traces show that before vitrification the brPS preferentially drifted over the

silicon oxide while the PS drifted over the hydrogen terminated silicon. It should be

noted that while the line traces suggest a complete separation of polymers, in

reality, phase separation typically leads only to enrichments. For example, the

“PS domains” might be 90 % PS and 10 % brPS mixed on a molecular length

scale while the “brPS domains” might be 90 % brPS and 10 % PS [13].

Similar to the necessity of matching the template length scale to the character-

istic length scale of instability, λh, when patterning dewetting, the template length

scale for patterning a polymer blend film must be approximately matched to the

length scale of phase separation observed in an unpatterned film and the associated

film thickness. These length scales are best found experimentally. The middle and

bottom figures by Boltau show that imperfect templating (Fig. 6.5a, b) can be

improved by either increasing the film thickness (Fig. 6.5c, d) or reducing the

template line pitch (Fig. 6.5e, f).

Template substrates can guide the evolution of polymer blend film phase sepa-

ration in a variety of ways. Figure 6.6 schemes two such potential mechanisms [14].

In case 1, the left-hand figures, the predominant surface chemistry (the substrate

Fig. 6.6 Schemes of two possible mechanisms whereby surface chemistry templates can guide the

phase separation in polymer blend films. In both cases, the substrate is predominately one surface

chemistry—light green areas—with a second surface chemistry covering a minority of the

substrate—black areas. In (a)–(e), the film vertically phase separates as induced by the majority

surface chemistry, and then the minority surface chemistry induces dewetting of the lower

polymer. In (f)–(j), the minority surface chemistry nucleates phase separation at precise locations

before spontaneous nucleation can occur [6, 14]
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indicated in light green) drives vertical phase separation of a polymer blend

solution (b–c), and the minority surface chemistry (the substrate indicated in

black) drives nucleated dewetting of the lower but not the upper polymer (d–e).

In case 2, the right-hand figures, the predominant surface chemistry does not drive

significant vertical or horizontal phase separation. However, the minority surface

chemistry increases the rate of nucleation of phase separation, creating enrichments

of one polymer (indicated in red). While these cases represent templated, nucleated

dewetting (case 1) and templated, nucleated phase separation (case 2), analogous

cases might be schemed for templated, spinodal dewetting; templated, spinodal

phase separation; or combinations thereof [15].

Similar strategies can be used to pattern the phase separation of block copoly-

mers (BCP). As described in previous chapters, BCP films can exhibit a wonderful

diversity of phase separated patterns. Similar to standard polymer blend films, the

phase separation that is exhibited is affected by the underlying substrate chemistry

and can be guided by patterned templates. Figure 6.7 shows such an example for a

PS-b-PMMA block copolymer film [16]. The underlying substrate on the left side

of the image is unpatterned while the underlying substrate on the right side of the

image is patterned with photolithographically defined self-assembled monolayers

of varying chemistry. While the techniques of the templating method are similar to

what has been described above, the advantages of BCP phase separation, smaller

and more regular features, are also evident.

Fig. 6.7 SEM image of

a diblock copolymer film

following a template

(underlying the film on

the right side of the image)
composed of lines of

alternating surface

chemistry. Reprinted

with permission [16, 17]
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The force that initiates dewetting or phase separation arises from the gradient in

hydrophobicity/surface energy on the template substrate. Experimentally, this

requires choosing templating materials that can be considered high surface

energy/low surface energy, wettable/less wettable, or hydrophobic/hydrophilic to

the particular polymers and solvents deposited. Determining the magnitude of the

surface tension difference induced by the substrate surface energy difference is

difficult to achieve quantitatively but can be understood qualitatively. The higher

the surface energy of the substrate, the more easily it will be wet by polymers and

solvents alike. Generally, surfaces composed of covalently bonded materials or

metals will have a higher surface energy than a surface material held together by

van der Walls bonds.

Figure 6.8 exemplifies the importance of the magnitude of surface energy

difference of a template as well as the template length scale [18]. In this example,

surface chemistry templates composed of polymer brushes were used to guide

block copolymers phase separation, with both the template chemistry and the

template length scales (pitch) being varied. Both the template polymer brushes

and the deposited block copolymers (BCP) were constructed from polystyrene and

PMMA units. What was varied chemically was the percentage of the template

brushes composed of PS monomers. As the brush composition was varied from

50:50 PMMA/PS (left images, where the BCP PMMA and PS blocks would

experience less wetting competition on the brush regions) to 0:100 PMMA/PS

(right images, where the PS blocks would wet the brush regions more readily

than the PMMA blocks). As expected, as the wettability contrast is increased

(going from the left to right images), the template is increasingly successful at

guiding the phase separation.

It is worth repeating that the film features produced by such surface templates are

not directly written such as with ink-jet printing and are only guided with a success

rate that is often statistical in nature. For a particular polymer film combination and

thickness, there are limitations to the size, spacing, and type of features. Figures 6.9,

6.10, and 6.11 demonstrate some of these fidelity issues [6].

Figure 6.9 demonstrates what can happen when the template features are too

fine to guide the phase separation of a particular polymer film [20]. A series of

template polymer blend films are shown as imaged by atomic force microscopy.

The substrate surface chemistry was modified through dip-pen nanolithography to

include small, circular, hydrophilic regions. The predominant surface chemistry of

the substrate produces a seemingly homogenous film, light gray areas, that in

actuality are areas where the polymers are separated vertically like the layers of a

sandwich (such as schemed in Fig. 6.6c). The dark gray circles are induced by the

hydrophilic surface chemistry dots through nucleated dewetting/phase separation

(such as schemed in Fig. 6.6d). In this particular series, the templates with pitch

lengths greater than 1 μm guide the phase separation successfully whereas the

templates with pitch sizes smaller than 1 μm generate features that overlap. This

overlapping of features occurs, even though underlying template features do not

overlap, because the characteristic feature size of these polymer films (the size of a

nucleated dewetting/phase segregation) is around 1 μm and much smaller features

cannot be realized.
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Figure 6.10 highlights analogous patterning issues in films that exhibit

widespread natural lateral phase separation. These images again displayAFMheight

images of a series of polymer blend films (polystyrene and Poly[2-methoxy-5-

(2-ethylhexyloxy)-1,4-phenylenevinylene]) cast from solutions onto substrates

with templated surface chemistry. In this case, the template guidance is fair when

the length scale of the template pitch is close to the natural pitch (Fig. 6.10a) but is

increasingly poor when the pitch length and template feature size deviate from the

nature length and size (Fig. 6.10b, c). In this last case, only the edges of the template

circles generate a significant effect (where the wettability gradient would be largest).

Figure 6.11a presents a combinatorial array of template films that highlight

the limitations of template patterning: the probability of initiating/guiding

Fig. 6.8 The SEM images show the response of BCP films to templates of varying chemistry and

pitch. The schemes above show the template chemistry. Reprinted with permission [18, 19]
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phase separation. Thirty-two templated polymer blend films are shown, as imaged

by atomic force microscopy. In each case the underlying substrate surface chem-

istry was patterned with dots of increased hydrophilicity through dip-pen

nanolithography [20]. In the regions without the hydrophilic dots, a laterally

homogenous film with vertical phase separation is produced. Hydrophilic dot

features of sufficient size nucleate localized phase segregation. While the dot

pitch was kept constant, the dot diameter was varied as well as the ratio of the two

polymers (Polythiophene and PS).

The adjoining Fig. 6.11b plots the probability of successful nucleation as a

function of template feature size as compiled from Fig. 6.11a and similar data

sets. Several observations can be made from this array of data. First, a minimum

template feature size of 50–200 nm is necessary to have a chance of nucleating

phase separation, and the probability of successful nucleation is statistical in

nature. Second, the probability of successful nucleation and the size of the

induced features depend on the polymer blend ratio. While this data set

was only acquired for one type of polymer blend film that follows a nucleated

phase separation schemed in Fig. 6.6a–e, the size effects and the statistical nature

Fig. 6.9 AFM height images of polymer blend films guided by chemical templates of different

pitches. The smallest pitches lead to poor feature differentiation. Reprinted with permission [6, 20]

Fig. 6.10 AFM height images of polymer blend films guided by chemical templates of different

pitches. In this case, the natural phase separation is guided only when the template pitch is similar

to the natural feature pitch. Reprinted with permission [6]
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of templating polymer films structures extend more generally. Careful selection

of the film components, processing, and templating is necessary to achieve a

desired structure and not all structures are feasible.

6.5 Topographic Templates

Substrates that are chemically uniform but possess varying topography can also

guide the dewetting or phase separation of polymer films [21–24]. Substrate topog-

raphy will initiate and/or guide thickness variations in the film. The thinner areas of

the film and the regions near the edges of the substrate will exhibit higher rates of

nucleated dewetting and capillary fluctuation. Further, after the dewetting begins,

the substrate topography can guide the evolution of the dewetting.

Figure 6.12 provides an example of both such guidance mechanisms [22]. In this

example, a PMMA polymer film was cast on a PDMS elastomeric substrate covered

in square microwells. The resulting film was solvent annealed and the film optically

imaged over time. Figure 6.12a shows two nucleated holes that have dewetted in the

film. The upper hole sits between wells (likely generated because the film would

have been thinner here and more likely to dewet) and the lower hole surrounds a

well (likely generated because dewetting is more likely at feature edges). Over time

these dewetted features grow to encompass numerous wells (Fig. 6.12b–d), leaving

behind an array of droplets sitting in the microwells. Thus, in this example, the

substrate topography influenced the location of the initial dewetting and the growth

of the dewetting, as described in Chap. 2.

Fig. 6.11 (a) AFM height images of P3HT/PS polymer blend films of varying blend ratio guided

by chemical templates composed of features with varying diameter. In each sample 25 template

dots were written (except the rightmost 30/70 template that was missing several template dots).

The probability of the template feature nucleating phase separation increases with increasing dot

size and P3HT concentration. (b) The probability of nucleating phase separation is plotted as a

function of template feature size. Each data point represents the probability as observed from a grid

of 25 template dots. The sigmoidal line traces are not fits and are only included to guide the eye.

Reprinted with permission [6, 20]
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Variation in the ratio of template height to film thickness will often change the type

and density of features. Figure 6.13 demonstrates an edifying example where substrate

trenches of varying depth were used to guide film dewetting [23]. The deepest

substrate trenches (leftmost figure) induced dewetting in the corresponding thinnest

regions of the film, leaving lines of droplets within the trenches. Films deposited

on substrates with thinner channels (thinner than the film thickness) exhibited

progressively less ordered features. The shortest channels (rightmost figure) did not

guide the film, producing randomly distributed droplets.

In addition to simulations on chemical templating by Sharma and Kargupta

discussed earlier, they also ran a variety of simulations on topographic templates

[10, 11]. They discuss how the evolution of an unstable polymer film on a topo-

graphically patterned substrate will depend on numerous variables, but is particu-

larly dependent on (a) the ratio of the starting film thickness to the height of the

substrate topographic features and (b) the ratio between the substrate pattern pitch

and the natural spinal dewetting length scale. As one varies these ratios, the

resulting films will express different regimes. Figure 6.13 provides a nice example

Fig. 6.12 Template induced dewetting: optical microscopy images of a polymer film dewetting

over time on a topographic template consisting of square wells. Reprinted with permission [22]
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of the first ratio dependence: the films go from guided droplets, to guided lines to

unguided droplet as the ratio of channel height to the film thickness decreases. With

regard to the second ratio, Sharma and Kargupta state that successful patterning

requires a template pitch no less that 0.8 times the natural spinodal dewetting length

scale. These ratio rules are analogous to the requirement for successful chemistry-

templated patterning. The topographic feature height plays a somewhat analogous

role to the surface chemistry contrast. The reader is encouraged to read the series of

papers Sharma and Kargupta wrote in the early 2000s to familiarize themselves

with the theory guiding these simulations and the variety of possible film patterning

regimes [8–11].

Just as topographic features can be used to control dewetting in single compo-

nent polymer films, such templates also can be used to control polymer blend and

block copolymer phase segregation. A difficulty with BCPs, however, is generating

a template with sufficiently small feature sizes to match the natural phase separation

length scale of a BCP film [25].

Figure 6.14 shows a topographic patterning strategy for BCP films unavailable

with standard blends. As opposed to a fine template guiding every feature in the

film, a larger scale template guides mesoscale ordering [24]. In this study, the

researchers deposited PS-b-PEP block copolymer films on substrates with topo-

graphic channels 95 nm wide and 600 nm deep and observed the ordering as the

film was annealed. Figure 6.14e–i shows the evolution of the film over the course of

33 h. Figure 6.14e is consistent with the principle previously discussed that a film

cast on a substrate with a template length scale much larger than the natural length

scale of phase separation will not result in complete guidance. Indeed, only the

polymer domains nearest the channels edges are aligned to the template. However,

as the individual domains in a BCP film do not grow during annealing, a longer

range ordering can be achieved. Over the course of the annealing period, the aligned

regions propagate progressively deeper into the channel until the film’s phase

separation is entirely ordered in the channel.

Hs = 120 nm

Hs

0

0

0 0 0

0 0
0

Categorey 1 Morphology:
Array of Aligned Droplets Aligned Undulating Threads Random and aligned Droplets Random  Droplets

Categorey 2 Morphology: Categorey 3 Morphology: Categorey 4 Morphology:

9 µm7.5 µm
30 µm 20 µm

Hs = 70 - 100 nm

Progressively Reducing Substrate Feature Height (Hs)

Hs = 30 - 60 nm Hs < 25 nm

Fig. 6.13 Scheme and AFM images of four classes of topographic template induced dewetting.

The topographic features were channels of varying depth. Reprinted with permission [23]

158 D. Coffey and J. Wei



6.6 The Promise and Limitations of Patterning
Polymer Films

The examples given throughout this chapter have shown that tailored variations in

substrate surface chemistry or substrate topographic height can guide structures in

polymer films. Unlike other polymer structuring methods, template structuring only

gives order to features that naturally occur in the film. For example, block copol-

ymer naturally phase separate but they do so in a way that lacks larger order. While

templates can provide this long range order, a template will not radically change the

length scale of the individual domains.

So what are the resolution limitations to the template structuring of polymer

films? In one sense, the resolution of polymer film template structuring has been

improving, but much of this improvement has arisen from improvements in template

resolutions. Many of the original templates employed photolithography or

microcontact printing (with stamps generated through photolithography), and the

template features were about amicron or larger. Researchers have since used e-beam

lithography and dip-pen nanolithography with their improved resolution, and

achieved structuring at the resolutions of these lithography techniques [3, 15,

24]. However, the mechanisms harnessed are not substantially different with these

finer templates. The resolution of these techniques is as much tied to the polymers

used as the templates used. In general, higher resolution templates, thinner films, and

films with smaller characteristic feature length scales are all necessary to produce

finer structuring.

Another potential limitation of template structuring of polymer films is associ-

ated with generating arbitrary feature shapes. In the examples given above, polymer

Fig. 6.14 SEM images of a diblock copolymer film confined in a topographic channel of width

600 nm. Figures (a)–(e) show the film evolution during 33 h of annealing. Reprinted with

permission [24]

6 Template Guided Structuration of Polymer Films 159



film structures have either included aligned lines or dots. However, experiments

that are more recent have shown that geometries that are more complicated are

possible. Nucleated features, such as in Fig. 6.9, allow one to generate essentially

any pattern, though with a pixelated resolution limited to the individual feature size.

Space filling phase separation such as shown in Fig. 6.7 cannot be formed into any

arbitrary pattern, but groups have demonstrated the creation of nonregular features

such as corners, circles, squares, and other simple, space filling patterns (see

Fig. 6.15) [26]. In these cases, the corners of these shapes cannot be sharper than

the natural feature size, and larger patterns will always be filled with the smaller

scale phase separation.

A variety of additional techniques are being developed that combine substrate

templating and other methods [27, 28]. In Fig. 6.1, for instance, the originally

structured polymer film was combined with oxidation and printing to fabricate a

layered mesh. As another example, many researchers have included nanoparticles

within their patterned polymer film in an effort to structure, not the polymer, but the

nanoparticles. Further, complex structures also can be achieved in combination

with selective etching, electric fields, or molding.

Fig. 6.15 SEM images of polymer blend film patterned by a substrate chemical template. Scale

bar 1 μm. Reprinted with permission [26]
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In summary, the methods born in recent decades to pattern polymer films by

means of an underlying templated substrate have grown in sophistication and

flexibility. These techniques harness the natural tendencies of polymer films to

dewet and phase separate, and through a simple means guide these natural pro-

cesses. In all cases, the template and the desired structure must be matched to the

properties of the polymer film and the processing conditions, but the final films can

exhibit a variety of designs over many length scales.
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Chapter 7

Electrohydrodynamic Lithography
of Functional Soft Materials
for Advanced Applications

Pola Goldberg Oppenheimer

7.1 Introduction

Apolymer is a chemical compoundormixture of compounds formedbypolymerisation

and consisting essentially of repeating structural units. The name is derived from

the Greek, πoλυ, polu, “many”; and με�ρoς, meros, “part”. DNA, proteins and starches

in foods, thewheels on our skateboards, the tyres on our bikes and cars are all polymers.

In fact, we are constantly surrounded by polymers wherever we may be. Thin polymer

films on top of rigid or soft substrates have been investigated thoroughly during the last

few years.Generally, instabilities in thin films are undesirable in nature and technology.

Defect-free smooth films in the form of insulating layers or photoresists, e.g. coatings,

lubricants or protective layers are essential for most important applications in the

microelectronics industry. Liquid films are stable, unless an external destabilising

force is applied at the surface, because of the minimisation of overall surface energy.

The precise control of instabilities in films can however be utilised to produce novel

structures by exploiting the destabilisation of an initially homogeneous layer

for spontaneous structure formation process, and further decrease its length-scale to

technologically interesting feature sizes. The capacity to construct nanostructures is

essential for the development of functional devices that incorporate nanoscale features.

The thin film instabilities can be generated either by intermolecular interactions, such as

van der Waals forces (vdW), or by externally applied forces, e.g. electric fields or

temperature gradients. Patterned thin polymer films have been implemented in appli-

cations ranging from molecular electronics [1–3] and optical devices [4–6], through

bio-sensors [7, 8] to etching prevention [9].
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7.2 Surface Patterning via Electrohydrodynamic
Instabilities

Intense interest in polymer patterning in the past decade originated from the diversity

of the existing polymers, the relatively low cost, the convenientmechanical properties,

and the compatibility of polymerswithmost patterning techniques. There are different

bottom-up and top-down lithographic methods, such as photolithography, soft lithog-

raphy imprinting, self-assembly of block copolymers, and instability-induced pattern-

ing. In an instability-driven approach to polymer patterning, application of a high

(108 V/m) electric field across thin films at temperatures above the glass transition

temperature of the polymer generates variations in charge density, destabilises the film

and creates lateral, topographic features [10–13]. The emerging ordered patterns are a

direct result of the interaction of a vertically applied electric field with a flow of fluid,

i.e. it is named the electrohydrodynamic (EHD) patterning process. The physical

principles that describe the deformation of a liquid surface induced by an electric

field were first noted in 1897 [14], and were followed by the initial theories on the

EHD instabilities [15, 16]. Ever since these ground-breaking studies, extensive inves-

tigations have been carried out on these issues [17–20].

Consider placing a liquefied insulator in a plate capacitor geometry and subse-

quently applying an electric field perpendicular to the film surface (Fig. 7.1). This

causes an amplification of low amplitude capillary waves and EHD instabilities

with a characteristic wavelength λ develop. First, the non-linear equation that

governs the pattern formation process is formulated, followed by a simplified

description in terms of a linear stability analysis leading to the derivation of a

dispersion relation. At temperatures above the glass transition temperature (Tg),
polymers can be described as incompressible viscous fluids. Given the geometry

of a supported thin polymer film on a rigid substrate we can derive the equation of

motion for this film.

For the typical experimental set-up schematically shown in Fig. 7.1, the natural

choice is rectangular Cartesian coordinates. The y-coordinate of the film’s inter-

face is given by h¼ h(x.t), where x is the lateral coordinate, t is the time and h is

the film thickness.

y

x

h=h(x,t)
u

U
h d

Fig. 7.1 Schematic geometry of a thin supported polymer film of thickness h. Temperature

fluctuations induce surface waves with wavelength λ. The Poiseuille-type flow is indicated by a

parabolic flow profile with velocity u
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The Navier–Stokes equation of motion for an incompressible Newtonian fluid is:

ρ
∂u
∂t

� �
þ u
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∂x

� �
þ v

∂u
∂y

� �
þ w

∂u
∂z

� �
¼ �∂ p
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þ η

∂2
u
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 !
þ ρgx

ð7:1Þ
The required equation of continuity is:

∂u
∂x

þ ∂v
∂y

þ ∂w
∂z

¼ 0 ð7:2Þ

For flow in thin films, the N-S equation can be simplified in the following way:

1. High viscosities of the considered fluids result in a low flow velocity: the

convective term in Navier–Stokes equation can be neglected!
u

∂u
∂x

� �
þ v

∂u
∂y

� �
þ w

∂u
∂z

� �
¼ 0

2. Slow dynamics: quasi-steady state is assumed for the system! ρ ∂u
∂t

� � ¼ 0

3. Thin-film geometry: gravity is negligible! ρgx ¼ 0

4. Flow in the film is in the x direction! v¼w¼ 0! ∂u
∂x

¼ 0 and the velocity

dependent only on the y-coordinate.

Taking into account all the above considerations and substitution of the conti-

nuity equation leaves us with:

0 ¼ �∂ p

∂x
þ η

∂2
u

∂y2

 !
) 1

η

∂ p

∂x

� �
¼ ∂2

u

∂y2
ð7:3Þ

and

0 ¼ ∂ p

∂y
ð7:4Þ

meaning that the pressure p is uniform across the film’s depth. Integration of this

differential equation leads to a parabolic velocity profile:

u ¼ 1

2η

∂ p

∂x

� �
y2 þ c1yþ c2 ð7:5Þ

The boundary conditions are that the velocity is equal to zero at the solid interface

and that there are no stresses at the interface:

1. y¼ 0; u¼ 0 (non-slip boundary condition)

2. y¼ h σxy ¼ η
∂u
∂y

¼ 0
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Therefore, the constants that follow from the boundary conditions are:

c1 ¼ �2
∂ p

∂x
yjy¼h ¼ �2

∂ p

∂x
h, c2 ¼ 0

Substitution of which in Eq. (7.5) gives:

u ¼ 1

2η

∂ p

∂x

� �
y y� 2hð Þ ð7:6Þ

In the lubrication assumption, the lateral Poiseuille volume flow rate induced in the

direction of decreasing pressure is obtained:

jx ¼
ðh
0

udy ¼ � 1

3η

∂ p

∂x
h3 ð7:7Þ

The overall pressure is uniform all over the depth of the film. However, the pressure

does depend on the film thickness, and its distribution at the film surface can be

written as:

p ¼ p0 � γ
∂2

h

∂x2
þ pel hð Þ þ pdis hð Þ ð7:8Þ

where p0 is the ambient air pressure, γ is the surface tension and the second term

represents the Laplace pressure. For an applied voltage, U, the third term is the

destabilising electrostatic pressure exerted on the interface by the interaction of the
electric field, Ep, with the polarisation charges at the interface [21, 22] and given by:

pel ¼ �ε0ε p ε p � 1
� �

E2
p ¼ �ε0ε p ε p � 1

� � U2

ε pd � ε p � 1
� �

h
� �2 ð7:9Þ

where ε0 is the dielectric permittivity of the vacuum, εp is the dielectric constant of
the polymer and d is the capacitor plate spacing. The initial stage of structure

formation is a sinusoidal undulation (Eq. 7.10) with an initial film thickness ho and
low-amplitude undulation A

h x; tð Þ ¼ h0 þ Ae iqxþt=τð Þ ð7:10Þ
The last term of the Eq. (7.8) is the disjoining pressure which is a result of the

intermolecular forces exerted on the thin film [23] which plays a role in the near

surface regions only. Due to a strong electric field generated in a capacitor device, only

the electrostatic pressure and the Laplace term need to be taken into consideration.

A mass balance enforced by the continuity equation governs the equation for the

air–polymer interface profile:

∂h
∂t

þ ∂
∂x

h3

3η

∂ p

∂x

� �
¼ 0 ð7:11Þ
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A linear stability analysis [21, 24–26] leads to the establishment of the dispersion
relation for the system relating the time constant τ with the wave vector q of a

sinusoidal perturbation of the film:

1

τ
¼ � h30

3η
γq4 þ ∂ pel

∂h
q2

� 	
ð7:12Þ

The predictions are schematically shown in Fig. 7.2 While for
∂ pel
∂h

� 0, τ < 0 for

all q - fluctuations are damped, meaning that all growth rates are negative and the

film is stable, for
∂ pel
∂h

< 0 all modes with τ > 0 and q < qc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1

γ

∂ pel
∂h

s
are

amplified and the film is unstable.
With time, the fastest mode of growth given by the maximum of Eq. (7.12):
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will dominate, governing the most unstable wavelength of the system:
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The associated maximal growth scales with the forth power of the dominant

growing wave vector, proportional to the surface tension and depending inversely

on the viscosity for a given λ:

1

τm
¼ γh30

3η
q4m ð7:15Þ

0 qqc

qmt -1

Amplified
Damped

Fig. 7.2 Graphic

representation of the

dispersion relation

(Eq. 7.12). While in the

absence of or for a positive

electrostatic pressure, all

modes are damped (τ< 0),

the dispersion relation

yields a dominant mode qm
with corresponding growth

rate time τm
�1, for a

negative pel
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As seen from Eq. (7.14), the theory suggests that a reduced feature size can be

achieved by a thinner film, h, smaller plate spacing, d, lower surface tension and

higher electric field.

The introduction of the reduced variables allows the superimposition of different

experimental data sets. Defining characteristic variables of the instability:

λ0 ¼ 2π ε0εp εp � 1
� �

U2
� �

=γ ð7:16Þ

E0 ¼ 2πU=λo ð7:17Þ

τ0 ¼ 3η=h30q
4
0 ð7:18Þ

Equation (7.14) can be written in simplified form:

λ

λ0
¼ Ep

E0

� ��3=2

ð7:19Þ

And Eq. (7.15) along with Eq. (7.18) provides the dependence of the time constant

on the electric field:

τ

τ0
¼ E p

E0

� ��6

ð7:20Þ

In which λ0 is the characteristic wavelength, E0 is the corresponding characteristic

electric field and τ0 is a characteristic time constant of the instability. As can be seen

from Eqs. (7.16)–(7.20), the most unstable mode dependence on the electric field is

λ / E�3=2, characteristic time constant for the instability to set in has a very strong

dependence on the electric field τ / E�6 and scales with the electrode spacing, d,

to the sixth power (τ / d6). It also scales linearly with the film viscosity τ / η. For a
given film thickness, the characteristic lateral structure size exhibits a power-law

dependence as a function of increasing electric fields, corresponding to a decrease

in the electrode spacing.

To compare the destabilisation of materials with differing viscosities, it is useful

to introduce an additional set of scaling relations. The inverse of the time constant

defines a rate for the lateral displacement of material over a distance λ. Multiplied

by η this defines a characteristic shear stress:

σ ¼ η

τ
ð7:21Þ

Defining:

σ0 ¼ η

τ0
ð7:22Þ
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introduces the further scaling equation:

σ

σ0
¼ E p

E0

� �6
ð7:23Þ

7.2.1 EHD Patterning Under a Homogeneous Electric Field

The physical basis of the film instability can be understood by considering the

competition of forces acting at the polymer–air interface. A polymer when heated

above its glass transition temperature begins to flow as a viscous liquid. Subse-

quently, applying a voltage to the capacitor device (Fig. 7.3a) results in the

development of an undulatory instability with a characteristic wavelength

(Fig. 7.3b). The liquefied polymer experiences surface tension and gravity, which

stabilise an initially homogeneous film, in contrast to the electrostatic pressure at

the interface which destabilises the film. In the thin-film geometry, gravity is

usually negligible and can therefore be disregarded.

For high electric fields, the destabilising electrostatic force overpowers the

stabilising effects of surface tension acting at the film–air interface. With time,

this force imbalance causes an amplification of film undulations induced by the

electric field (Fig. 7.3b), until they span the capacitor gap, thus leading to

rearrangement to the energetically favoured configuration of the liquid. It is

characterised by monodispersed column diameters and a local hexagonal sym-

metry, which arises from the repulsion of wave maxima and minima, caused by

the differing polarisation charges at these locations (Fig. 7.3c). The inter-

column spacing is determined by the field strength and the polymer surface

tension, and the column diameter is a function of the initial film thickness.

Since the vertical liquid conformation (Fig. 7.3c) has lower electrostatic free

energy than layered configurations (Fig. 7.3b), the electrostatic force drives the

liquefied polymer to grow upward focusing the instability in the direction of

the highest field.

Spacers of different height cause a gradual variation of the plate spacing,

estabishing a wedge geometry, in which the plate spacing varies by a few

micrometres over a lateral distance of a few centimetres (Fig. 7.4). With a varying

plate spacing in a lateral direction, the electric field varies as well. Since the

characteristic time constant for the instability to set in has a very strong dependence

on the electric field, τ / E�6 and scales with the electrode spacing, d, to the sixth

power τ / d6, larger electrode spacing corresponds to a lower electric field.

Therefore, for a given annealing time, different stages of instability can be observed

on a single sample (Fig. 7.4, left). While in the wedge geometry, the spontaneous

instability propagates towards decreasing confinement, the density and ordering of

the columns increases (Fig. 7.4).
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7.2.2 Electrohydrodynamic Lithography

Substitution of the planar electrode by a topographically structured top plate

(Fig. 7.5a) results in an inhomogeneous electric field, which focuses the instability

towards the increased electric field, i.e. underneath the protruding structures, with

an increased associated growth rate (recalling that τ / E�6 / d6, and therefore the

polymer is destabilised first at the locations with the smallest d ). Since pel / 1=d2

(Eq. 7.9) the electrostatic pressure is much stronger for smaller electrode distances,

pattern replication of topographically structured upper electrode proceeds at a

shorter time scale than the regular EHD structure formation.

Fig. 7.3 Representative experimental set-up (left) with an evolving EHD instability of a polymer

film under a laterally homogeneous electric field and the corresponding optical micrographs

(OM) of the EHD pattern formation (right). (a) Applying a voltage through the capacitor

assembly, results in the amplification of a surface undulation with a characteristic wavelength λ,
which leads to the formation of hexagonally ordered columns (c). The origin of the destabilising

electrostatic pressure is schematically shown in (b): the electric field causes the energetically

unfavourable build-up of displacement charges at the dielectric interface (a), and in (c) the

alignment of the dielectric interface parallel to the electric field lines lowers the electrostatic

energy
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The instability is guided towards the protruding patterns of the top mask, and

the liquid polymer is drawn towards these protrusions. Consequently, the final

structures are a positive replication of the master patterned electrode (Fig. 7.5).

Pattern replication succeeds only if the length scale of the master pattern matches

d

E
d

Sinusoidal 
perturbations 
at the liquid 

interface

Final 
columnar 

morphology

Amplified 
undulations-
some have 
touched the 
upper plate

Fig. 7.4 Left: OM micrograph in which different stages of the instability are all present

simultaneously. While on the top of the image undulations coexist with columns, the decreasing

plate spacing towards the bottom increases the density of the columns, and thereby the inter-

column interactions and ordering. Right: Largely exaggerated schematic representation of wedge

geometry with the variation of the gap between the electrodes which cause the non-uniform

strength of the electric field in the experiment and allows visualising the progress of the instabil-

ities as they propagate from low to high field. Locally the configuration is nearly parallel

Fig. 7.5 Top: Schematic of experimental device during the EHD lithography process under

a laterally heterogeneous electric field. (a) A structured upper plate creates a heterogeneous

force field focusing the instability towards the protruding structures (b). In (c) a positive replica

of the master pattern is transferred into the polymer. In unstructured regions, the film remains

stable on a much longer time scale. Bottom: High fidelity EHD lithography showing the robustness

of pattern replication with respect to the parameters of the electrode
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the instability wavelength. Using this electrostatic lithography process, varying

structures can be replicated, ranging from lines, through circles and squares to

letters and numbers.

7.3 Formation of Additional Instability Patterns

7.3.1 Under a Featureless Mask: Nucleation and Viscous
Fingering Instabilities

When placing a featureless mask at a certain distance above the polystyrene film in

a presumably laterally homogeneous electric field, additional intriguing patterns

can be observed (Fig. 7.6). The image shows the nucleation effect at the edge of the

film, which implies heterogeneity in the electric field, caused either by the edge of

the upper electrode or by a dust particle. A strong lateral gradient in the electric field

is induced from the presence of the edge, leading to the nucleation of the EHD

instability along the edge [22]. However, instead of nucleated columns with a

characteristic wavelength, λ, an alternating sequence of columns and wave maxima

were observed: only every other maximum touches the upper electrode to form a

pillar. This phenomenon was also previously observed by Schäffer et al. and was

described as a competition between nucleation, depletion and the non-linearities in

the system. A brief indication of the nucleation pathway is an initial amplification

of a continuous rim parallel to the edge, which in turn breaks-up into waves

eventually forming columns. The growth of the first column depletes its nearest

neighbours, and the next nearest maximum is amplified first, being higher than the

directly adjoining one. This chain effect propagates along the rim, and given

enough time, all waves eventually will develop into columns.

Fig. 7.6 Optical

micrograph of the

nucleation of alternating

columns and wave maxima

induced by a straight edge

172 P.G. Oppenheimer



When a fluid pushes a more viscous fluid into a very narrow gap between parallel

plates, the interface between the two fluids develops an instability leading to the

formation of finger-like patterns called viscous fingers (Fig. 7.7) [27]. Viscous

fingering instability belonging to fractal geometry is a result of air trapped under-

neath the flat mask, which is the less viscous fluid driving the polymers melt. The

physical source of this instability lies in the geometry of the moving interface [28].

7.3.2 Periodicity Mismatch Under Laterally Varying
Electric Field

Imperfect replication of the template can occur however, in part of the lithography

processes. These are explained based on the three replication cases which have been

previously theoretically established [21] and experimentally observed [29]. In the

presence of the laterally varying confinement (from d0 to d ), the liquid morphol-

ogies are organised according to the ratio of the plate spacing and the initial amount

of polymer in the capacitor gap, i.e. the filling ratio, f( f¼ h0/d ). While the pattern

selection during the early stage of the process is a sinusoidal surface undulation, for

all samples, filling ratio establishes the late stage of pattern formation. The final

morphology of the replicated pattern is determined by the partial coalescence of the

initial pattern (Fig. 7.8). Since the shape of the generated pattern depends on

the ratio of the intrinsic film undulation wavelength, λi, and the lateral periodicity

of the master electrode, Lp, three replication mechanisms can be verified:

1. λi� Lp : Periodicity mismatch-small wavelength regime. The initial structure

formation is followed by lateral coarsening of polymer material λi, leading to a

partial positive replication.

2. λi� Lp: Periodicity match-similar wavelength regime. Perfect positive replica of
the templates is obtained.

3. λi� Lp: Periodicity mismatch-large wavelength regime. The film pattern

develops large number of defects and every protrusion of the electrode cannot

produce a liquid column.

Fig. 7.7 Optical images of viscous fingers of trapped air appearing under the flat mask
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To obtain a faithful replication of the master topography, three criterions have to

be fulfilled: (1) The filling ratio h/d0 must be comparable to the surface area ratio,

S (fraction of the template surface that protrudes towards the polymer film, S¼w/lo)
of the topography, h/d0 � S. (2) Periodicity match, λi� Lp and, (3) The ratio of the

interstitial spacing and the wavelength is smaller or equals to one.

7.4 Rapid EHD Patterning

While the origin of the underlying electrohydrodynamic (EHD) surface instabilities

has long been established [14–16], its exploitation for high-throughput lithography

is novel, and provides a way to replicate sub-micron scale patterns in a simple and

robust fashion. One of the limiting aspects has, however, been the slow pattern-

formation dynamics. Typical polymeric resists require prolonged-time span for the

pattern formation to complete [30]. This is caused by the interplay of the factors that

most resists consist of high molecular-weight (Mw) polymers which have a high

melt viscosity in their accessible temperature window and the ability of accurate

control over patterning onset and cessation. While too long annealing times result in

coalescence of small-scale structures, which degrades pattern fidelity, too short an

exposure to the electric field gives rise to an incomplete pattern replication. Since

the electric field strength is limited by the dielectric strength of the materials in

the narrow capacitor gap, the obtainable strain rates are generally low. Reducing the

Mw of the resists typically leads to the reduction of the polymer’s glass transition

temperature, Tg, prerequisiting the solidification above room-temperature.

A number of low-viscosity materials have been studied and exploited for fast

EHD patterning, aiming to resolve the above intrinsic problems [31]. Different

from the previously used polymers, the chosen materials had both a thermally

accessible Tg as well as low viscosities upon softening, which resulted in a

considerable reduction of the completion of the EHL to a few seconds only rather

than hours, thus increasing the technological appeal of this technique.

Low-viscosity epoxy materials were also studied by Dickey et al., who reported

Fig. 7.8 A heterogeneous electric field is formed under the structured upper electrode, focusing

the instability towards the protruding structures. (a–c) Optical microscopy images show rather

imperfect replications of different structure of the electrodes under the periodicity mismatch

conditions (e.g. in (a) d¼ 500 nm, h/d0 ¼ 0.37, h¼ 83 nm)

174 P.G. Oppenheimer



similarly low patterning times [32]. A rapid EHD lithography, however, requires

precise termination of the pattern formation process. While Dickey and co-workers

achieve this by cross-linking of the resists, Goldberg Oppenheimer et al. demon-

strated a method for the in-situ control of the EHL process during this short time

span by monitoring the current across the patterning device [31]. Since the current

is passed through the leaky dielectric once it spans the capacitor gap, the overall

current is a good measure for electrohydrodynamic patterning completion.

Nevertheless, the acquired speed of the EHD instability requires an enhanced

monitoring of the patterning process. Thus, minute but finite current that flows

through the capacitor during pattern formation has been exploited. The current

trace exhibits a sigmoidal shape that defines the characteristic onset and com-

pletion times of the EHD process (Fig. 7.9a). While ti corresponds closely to the

characteristic time of the instability τ, tf indicates the completion of the pattern

process.

To prevent a deterioration of the pattern by coarsening, it is essential that the

sample is solidified at t� tf. Because of the rapid patterning, quick sample

quenching is essential. In situ optical investigation with a transparent electrode

was thus exploited to correlate the structure formation process with the output

current. Figure 7.9b shows the variation of the film destabilisation time with the

viscosity of the polymer. To compare samples with different experimental param-

eters, the data is plotted as a function of η/σ, where all other experimental param-

eters are absorbed in the shear stress σ. While the optically detected onsets of the

instabilities and of the current increase τi are well described by the prediction of

Eq. (7.22), the completion of patterning τf is offset towards higher values compared

Fig. 7.9 (a) Overall-circuit current across capacitor devices versus time during the EHD

patterning process. Ethyl Cellulose with η¼ 0.084 Pa s in a laterally varying electric field caused

by a topographic grating (h� 100 nm,d� 250 nm (average),U¼ 40 V, andT¼ 135 �C). The insets
show OMs of the sample at the various stages. (b). Variation of τ with viscosity in terms of

Eq. (7.21). The data obtained by current monitoring ( full red circles: τ¼ ti) agree within their error
margins and are well described by the prediction of Eq. (7.21) (line). The data obtained from the

termination times (diamonds, τ¼ tf) follow the same trend, but are offset towards longer times
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to the prediction of τ. To be noted that, despite the significantly more rapid

patterning time, the EHD process is similar to that of high viscosity polymers and

is therefore well described by a linear stability analysis.

7.5 EHD Patterning of Conductive Polymers

Since the total potential difference generated by the dipole layers at the interface is

suppressed across the liquid layer, the driving force of the pattern formation in the

case of a leaky dielectric polymer subjected to the EHL patterning lies in

the electric field in the air gap, E1 [25]. A sub-ambient pressure within the film

balances the electrostatic force due to the field in the air gap on the polymer–air

interface, placing the film in tension, and therefore generating the origin of the EHL

instability.

For EHL patterning of conductive polymers however, free charges in the film

(which substantially modify the electric field distribution in the film-air double

layer) have to be taken into consideration. The following discussion is based on the

formalism proposed by Pease and Russell [25] for charge-driven EHL patterning of

leaky dielectric films.

p scales with the square of U

p ¼ �1

2

εgε0U
2

d � h0ð Þ ð7:24Þ

with the gap fluid εg (which is an air gap in our case, i.e. εg¼ ε1). The conductivity
of the leaky dielectric suppresses the electric field in the film and the field in the

gap drives the EHL pattern formation. This yields the dimensionless conductivity,

Σ representing the ratio of a time scale for free charge conduction to the process

time scale

X
¼ σηγd3

ε1ð Þ3ε30U4
ð7:25Þ

With the limit of Σ� 1 (in our study Σ is on the order of 107) the most dominant

(characteristic) wavelength

λ ¼ 2
ffiffiffi
2

p� �
π

U

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ d � h0ð Þ3

ε0

s
ð7:26Þ

is given by a force balance between the destabilising electrostatic pressure due to

the field in the gap acting on the polymer–air interface with respect to the interfacial
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height, h0 and the γ acting to minimise the surface area, thus suppress the height

variations. The characteristic time constant for the instability is given by

τ ¼ 12γη d � h0ð Þ6
U4h30ε

2
0

ð7:27Þ

Despite the shorter destabilisation time and faster growing modes of a fully

conducting polymer compared to a perfect dielectric, the patterning process is

reminiscent of the well-studied case of generic polymers [33–35], thus confirming

the same underlying physical mechanism.

To assess the electrolyte-gated field effect transistor (FET) performance,

EHL-generated structure arrays were fabricated with gate length of 700 nm and

pitch of 500 nm. Liquid-ion gate FET geometry was constructed using a potassium

chloride (KCl) solution and a tungsten needle as a contacting electrode (Fig. 7.10a).

The electrical drain current (IDS)-drain voltage (VDS) characteristics of the device as

a function of different gate voltages (VG) are shown in Fig. 7.10b. Inset ii of

Fig. 7.10b, presents the transfer characteristics at a constant drain-source voltage.

The positive gate voltages decrease the current and the values of IDS increase

upon raising the positive VG at a negative VDS indicating that the device exhibits

p-type FET behaviour with the holes being the major charge carriers. Along with

promising electrical transistor characteristics, the use of low-cost EHL lithographic

technique and simple gate definition process steps could make such devices suitable

candidates for next generation technology nodes.

Fig. 7.10 FET performance of EHL-polypyrrole (PPY) architectures. (a) Schematic representation

(top) and an overview image (bottom) of the configuration of a liquid-ion gate vertical FET using the

EHL-generated structures on top of Si-SiO2 substrate. A probe tip comprised of a tungsten needlewas

employed under a 1,000� magnification of an optical microscope to establish good connection

between the source and the drain. (b). Drain current versus drain voltage characteristics of PPY

electrolyte-gated transistor based on EHL fabricated pillars shown in a top-view optical image

(inset b,i) and gate voltage performance (inset b, ii) of the PPy-FET described in (a)
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7.6 EHD-Generated Architectures in Thin Polymer Films
for Applications in Surface Enhanced Raman
Scattering (SERS) and Solar Cell Devices

7.6.1 Hierarchical EHD Architectures as SERS Platforms

Using electrohydrodynamic instabilities, controlled self-organised hierarchical

architectures can also be fabricated. Hierarchical electrohydrodynamic (HEHD)

patterning uses a sequential instability in multilayer thin films caused by an applied

electric field to guide the layered material to form designed structures in a one step

process. Parameters can be altered to change the dimensions and the spacing of the

structures during the HEHD patterning which are then covered in a plasmon-active-

metal (in this case gold) to enhance the electromagnetic field for SERS applications.

Using HEHD multi-scale three-dimensional structured arrays SERS substrates can

be realised [35].

The structure formation in a multilayer thin-film assembly is controlled by care-

fully designing the layer sequence. In a polymer(P1)–polymer(P2)–polymer(P3)–air
trilayer (Fig. 7.11), an uncontrolled dewetting of the multilayer is prevented allowing

sequential destabilisation of the assembly layer by layer. The trilayer is assembled

according to the Tg of the individual layers, starting from the highest for the bottom

thin layer and the lowest for the top film, allowing each layer to be liquefied

individually while preserving the underlying film in a stable state. The resulting

hierarchical structures are an outcome of sequential electrostatic destabilisation.

Since, the wetting properties of the three materials come also into play once the

composite columns have formed, organising the resists according to the increasing

surface tension stabilises the final coaxial architectures.

The various HEHD patterns show structure dependent SERS. For an optimised

aspect ratio and geometry they give a 100-fold enhancement in SERS signals.

Considering that each of the individual structures gives such high enhancements

the HEHD patterned surfaces are a promising platform for multiplexed SERS

detection. The demonstrated hierarchical structures open up a range of further

possible implementations including for instance advanced photo-catalysis and

bio-analytics.

7.6.2 Combined Bottom-Up and Top-Down Approach Based
on EHD Formation of Surface Patterns in Thin Films

As depicted in Chap. 3, the ability to pattern functional polymers at different length

scales is important for a range of applications and developments including the

fabrication of micro plastic electronics, the production of optical components

and bio-medicinal related research. EHD patterning can also be exploited for

the fabrication of hierarchical functional patterns using electric field induced
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instabilities to pattern a fully functionalised electron-conducting block copolymer

[36]. This method combines the bottom-up self-assembly of block copolymer films

(with internal structures on a scale of tens of nanometres) with the induced self-

organisation of the intermolecular structure of the constituent crystalline blocks

Fig. 7.11 Mechanism of the HEHD patterning process. (a) The initially assembled polymer

trilayer is destabilised by applying a voltage. (b) The primary instability yields pillars which

span the capacitor gap. The secondary instability arises from the deformation of the intermediate

layer, P2 occurring at the P2–P3 contact line during the primary columns formation process. The

amplification of the secondary instability guides the middle layer upwards forming a surrounding

shell outside the primary pillar. (c) Subsequently, a third instability takes place at the bottom film

and the liquified P1 polymer is drawn upwards by the EHD torque while forming an additional

mantle around the bilayer column. (d) The final configuration is comprised of a primary P3 pillar,
coated by additional concentricP2 cylinder and the outerP1 mantle. (e) SERS spectra of benzenethiol
recorded from HEHD-generated substrates with pillars of various aspect ratios. (f) High aspect

ratio structures show high SERS signals. The inset shows a SERS map over the optical image of

a patterned area. The SERS signal for the 1,070 cm�1 peak is in register with the column

locations
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(in the range of 2–3 nm, Fig. 7.12e) inside the EHD driven microstructures, to

produce functional patterns with a structural hierarchy. Such generation of struc-

tures which span several length scales is predominantly based on the interplay of

molecular self-assembly and the structural control exerted by electrostatic forces.

The polarisation of dielectric interfaces is the driving torque for the electrically

induced copolymer domain orientation and the EHD guided instability. Block

copolymer (BCP) microstructures also couple to the dielectric contrast between

the different domains. The destabilising electrostatic pressure resulting from the

electric field causes the energetically unfavourable build-up of displacement

charges at the dielectric interface causing the alignment of the interface along the

electric field lines, lowering the electrostatic energy. Amplification of the interfa-

cial fluctuations caused by the interchange of the destabilising pel and the restoring

γ gives rise to the pattern formation.

Fig. 7.12 (a) Molecular structure of the Polystyrene-block-poly(perylene bismide acrylate)

(PS-b-PPerAcr) BCP comprised of an inert block of polystyrene and a crystalline side chain

PPerAcr. (b) EHD patterning process with the zoomed-in schematics showing internal structure of

the BCP film before (lying cylinder) and after patterning (vertical cylinders) process. (c) Repre-
sentative AFM height image of the improved packing of cylinders with an average pore diameter

of 14	 3 nm, formed inside PS-b PPerAcr matrix when swollen in chloroform vapour with 80 V

applied across the capacitor electrodes for 5 h. The inset in (c) displays a FFT pattern of the

structured film with a sixfold symmetry representing hexagonal packing of the cylindrical nano-

domains. (d). J–V characteristics (DC) of ITO/BCP/ITO sandwiches non-annealed (black
squares), EHD patterned using thermal annealing (white squares) and patterned in a solvent-

vapour atmosphere (black circles) show improved charge transport properties in the patterned

BCP films. (e) Left: Optical anisotropy analysis of internally oriented PS-b-PPerAcr patterns.

Intensity dependence on the sample angle in a cross (black squares) and parallel (red circles)
polarisation configuration. Right: Schematic image of the structural hierarchy
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The micrometre-sized patterns contain an additional sub-nanostructure arising

from the microphase-separated BCP morphology aligned parallel to the electric

vector. Oriented nano-domains constitute the BCP crystalline stacks on the

sub-10 nm scale with the π–π interactions oriented perpendicular to the Ef direction.

These electro-conductive nano-domains within the pillars act as half-wave

plate polarisers. The resulting morphology represents the optimal orientation of

the copolymers nanostructure with respect to the substrate, exhibiting enhanced

charge carrier percolation between the two electrodes (Fig. 7.12d). The charge

transport across the entire device renders these aligned nano-morphologies techno-

logically appealing for organic photovoltaic cells.

7.7 Concluding Remarks

In summary, the many interesting aspects of instabilities in thin liquid films are

illustrated which are both of scientific and technological importance. While thin

film instabilities are typically undesired in industrial and technological applica-

tions, they lead to novel surface morphologies and are applicable in alternative

(soft-) lithographic techniques. In this context, EHD patterning exploits instabilities

in softened thin films stemming from externally applied electrostatic forces to

hydrodynamically generate topographic architectures with a controllable length

scale in the technologically interesting sub-micrometre and sub-100 nm range.

An externally applied field generates forces orders of magnitude larger than the

electromagnetic fluctuations (long-ranged vdW forces) and the thermal vibrations

(which are both comparatively week), thus dominating film destabilisation. In such

a limit, the EHD instability of a thin film is clearly attributed to the applied electric

field and can be exploited as a lithographic technique. The advantages of this

patterning technique are also noteworthy. The facile EHD patterning technique

provides the ability for a straightforward design, manufacture and control of highly

reliable and robust submicron patterns at low cost. Its versatility and the applica-

tions appeal are emphasised by the possibility of patterning a wide range of

materials, single and multilayer film assemblies yielding varieties of hierarchical

and anisotropic substructures. Therefore, the inclusion of the studied lithographic

route into the advanced miniaturised devices manufacture processes can be

envisioned.

Finally, EHD lithography is a versatile patterning tool on the sub-micrometre

and nanometre length scales of functional materials. The aesthetic beauty of the

generated structures, the applied technological potential and the underlying theories

based on basic principles render this technique appealing, intriguing and set to

become a pathway for advanced devices and applications.
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Chapter 8

Elastic Instability and Surface Wrinkling

Pascal Damman

8.1 Introduction

The stability of constrained slender structures is a very old topic, that has started

with Galileo, who questioned the stability of a beam supporting a heavy load and

solved by Leonhard Euler with the Elastica [1]. With the emergence of new

architectural design, this stability problem rapidly becomes a major subject for

mechanical engineers. Surprisingly, physicists and engineers have rediscovered the

specific problem of thin sheets instability at the end of twentieth century. This

re-discovery was triggered by two seminal papers reporting experiments about the

formation of regular wrinkles in constrained systems. Tanaka et al. showed that the

outer surface of a gel confined in a petri dish swollen by solvent vapors becomes

unstable and exhibits periodic structures (Fig. 8.1a) [2]. Bowden et al. have beau-

tifully explained the formation of tiny wrinkles during the thermal evaporation of a

metal thin film on a soft foundation (Fig. 8.1b) [3]. They performed a linear stability

analysis including the bending of the rigid metal layer and the elastic deformation

of the soft foundation that clearly demonstrates the instability of the outer surface.

From countless examples, it is now crystal clear that the homogeneous (often

flat) states of constrained thin sheets are very often unstable. Since the seminal

works of Tanaka and Bowden, the final states were broadened in a zoo of complex

morphologies made of wrinkles, creases, crumples, folds, and blisters, several mor-

phologies sometimes co-existing in a single experiment. Transition from one

morphology to another can be observed depending on various experimental condi-

tions. For instance, by decreasing adhesion, you switch from regular wrinkles to

blister. Increasing compression could also reveal nonlinear regimes with increasing

complexity. As fluids, thin elastic sheets appear to be very promising systems that
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bear similarity with classical problems of linear and nonlinear pattern formation such

as period-doubling bifurcations. Their study opens new prospects to understand the

emergence of complexity, breaking of symmetry and singularities. Even the simple

buckling of a sheet shows intrinsic behaviors that raise fundamental questions such

as, why do films become folded upon confinement whereas a thick slab of an identical

material favors creases? Why does paper sheets crumple into singularities whereas

rubber sheets would smoothly wrinkle? Answering these questions (and many others)

is important, first for our natural curiosity, and to understand the emergence of

complex shapes and patterns in Nature.

Understanding thin sheets behavior is also extremely important for many tech-

nological applications, specially for those involving micro-patterning of surfaces.

The design of new materials combining extreme mechanics with optical, electronic,

or chemical properties is very often achieved with specific coatings on thin sheets.

In this case, the failure of the coating, or even the thin sheet itself, should be

avoided. The opposite is also true! These complex features can be very interesting

for some applications, essentially in micro- and nano-technology. Indeed, under-

standing how complex patterns emerge spontaneously under featureless forces may

inspire efficient methods for tailoring a desired surface pattern to achieve the

required property (e.g., reversible superhydrophobicity, flexible electronics).

8.2 Wrinkling in Constrained Free-Sheets

Usually, wrinkles are associated with multilayers, including materials with very

contrasted elastic properties. The archetype of these systems that will be discussed

in the next section is the rigid/inextensible thin sheet glued on an elastomer or a

Fig. 8.1 (Left) ionized acrylamide gel formed in a petri dish allowed to swell in water, (a)–(c)
show the evolution of the morphology with time [2]. (Right) optical micrographs showing

representative patterns of wrinkles that formed when a nanometric gold layer is evaporated onto

warm (110 ∘C) polydimethylsiloxane. The pattern appears when the sample is cooled to room

temperature [3]
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fluid foundation and subjected to a uniaxial constraint. It is however possible to

generate wrinkles in free sheets provided you are using the proper geometrical

constraints. The very typical example of this geometrically induced wrinkling is the

collapse of a viscous bubble (Fig. 8.2). During the collapse, the shape of the bubble

drastically changes from a purely spherical to a flat shape, due to surface tension at

the edge of the hole created in the bubble. With this sudden change of morphology,

a hoop stress builds that induces the wrinkling of the fluid thin layer (high viscosity

slows the relaxation of the wrinkles allowing their visualization) [4, 5].

Geometrical constraints can also be applied on rectangular sheets. Indeed, thin

sheets compressed at one edge to follow a periodic sinusoidal profile and free at the

other, i.e. a curtain-like morphology (Fig. 8.3), develop a self-similar hierarchy of

folds [6, 7]. We will now demonstrate a universal method based on a scaling

approach to find the morphology of constrained thin sheets.

As shown in Fig. 8.3, sheets made of various materials constrained at one edge

develop a regular hierarchical pattern of folds that follow simple power laws.

These patterns consist of a hierarchy of successive generations of folds whose

wavelength gradually increases along x. For the sake of clarity, the structure of the
deformed sheet is described by a periodic function z(x, y)¼A(x) sin q(x)y, with
z the amplitude of out-of-plane deflections, y being parallel to the edge (q ¼ 2π=λ).
The hierarchical patterns are characterized by the evolution of the average

wavelength, λ(x). For rigid sheets, the amplitude of the folds is determined by

the compression ratio and the inextensibility of the sheet, A � λ
ffiffiffi
δ

p
. Since,

inextensibility ensures that

W0 ¼
Z W

0

ds cos θ ’
Z W

0

ds 1� 1

2
_z2

� �
’ W � 1

2
W

A

λ

� �2

and δ ¼ ðW �W0Þ=W.

Fig. 8.2 Image of a

collapsing viscous bubble.

The bubble loses its

axisymmetric shape, small

amplitude ripples grow. The

inset displays a schematic

side view of the essentially

conical deflating bubble at

the onset of the

instability [5]
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The bending energy density related to a fold is thus given by

ub � Eh3 κ2 � Eh3δ=λ2:

Since ub is proportional to 1∕λ2, the membrane adopts the largest possible

wavelength compatible with the imposed constraints. The minimization of bending

energy is thus the “driving force” toward larger and larger folds and is the source of

the observed hierarchy. Figure 8.3 shows that curtains made of various materials

with contrasted properties can be sorted in two classes with different

exponents� 2 ∕ 3 for “light” sheets and� 1 ∕ 2 for “heavy” sheets (we will see later

the meaning of light and heavy). What does determine these exponents, is it related

to pure geometry or to deformation energy of the sheet? To increase the wave-

length, adjacent folds should merge. Looking carefully a curtain, you would

probably observe the merging of two, three, and very rarely fourfolds, some folds

remaining almost unaltered. We will however make the assumption, first proposed

by mathematicians Jin and Sternberg, that the observed morphology can be

described by successive period-doubling transitions constituting the building-

blocks of the global pattern [8]. The hierarchy is obtained by stitching these

Fig. 8.3 Top of a rubber curtain constrained at one edge with an imposed sinusoidal deformation

z(0, y)¼A(0) sin(q(0)y) and power laws describing the evolution of the wavelength with the

distance from the constrained edge [6]
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building-blocks. The key feature of a single block element, here after named

wrinklon, is its length, L, i.e., the sheet length required to accommodate the λ� 2λ
transition. If the energy is also involved (and not only geometry), this length

should be determined by material properties, E, h the constraint/compression ratio

δ and the wavelength. The power law describing self-similar patterns can be built

from this length according todλ=dx � λ=L. To estimate the length of the wrinklon,

we use a scaling approach where energetic penalty must be compensates by

energetic gain. Close inspection of the wrinklon morphology reveals the occur-

rence of a curved ridge at the tip of the merging folds (Fig. 8.4). Such curved ridge

is characterized by a non-vanishing Gauss curvature. From the Theorema
Egregium [9], the sheet around these curved ridge should concentrate on

stretching energy (i.e., the surface is no more isometric of a flat surface). The

energetic penalty involved into a single λ� 2λ transition should be related to local
stretching, the energetic gain being related to the decrease in curvature.

The stretching energy can be estimated from the slope of the sheet which

determines the strain ε induced by the change of amplitude A � 2A (related to the

change of wavelength since inextensibility ensures that A � ffiffiffi
δ

p
λ). The strain given

by ε � A2=L2 � δλ2=L2 yields the stretching energy Us�Eh L λ ε2�Eh δ2λ5L�3.

The wrinklon length results then from a balance of this stretching energetic penalty

and bending energy,Ub�Eh3 L λ κ2 which yieldsLðλÞ � h�1=2δ1=4λ3=2. The scaling
for the wavelength describing the whole hierarchical pattern of folds is obtained by

the integration of equation dλ=dx � λ=L,

λðxÞδ1=6
h

� x

h

� �2=3

:

Fig. 8.4 (a) Wrinklon morphology. (b) Origami model of the λ � 2λ transition [6]
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The class of patterns related to “light” curtains, 2/3 exponent, is in close agreement

with this scaling model. In addition to yielding the proper exponent, this relation

enables the comparison of the data obtained from seemingly disparate systems, over

a wide range of lengthscales. Figure 8.5 provides a remarkable collapse of the data

measured with paper, fabric, and various plastic sheets. Interestingly, the elastic

modulus of the material used to build the sheet does not appear in this relation. This

was expected since both stretching and bending energies linearly depend on the

elastic modulus.

As shown in Fig. 8.3, “heavy” curtains, made of nanometric films of polystyrene

on water [7], rubber sheets, and constrained graphene do not follow the 2/3 scaling.

Instead, their dynamics obey λ / ffiffiffi
x

p
). The main difference between both families is

related to the lack or the occurrence of a significant tensile force, T. For all “heavy”
curtains, an additional tensile force is acting on the sheet. For graphene sheets, this

tension is related to the longitudinal tensile strain induced by thermal manipulations

Fig. 8.5 Master curves,

normalized wavelength

vs. normalized distance

from edge for the “light” (a)
and “heavy” (b) curtains [6]
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of the compression device [10]. For rubber curtains, the tension is determined by

gravity (T� ρcghH, where ρc and H are the density and height of the curtain). For

compressed nanometric polystyrene films on water, a tensile force is exerted by the

surface tension of water at the free edges of the polymer film [7].

The tension per unit width imposes an additional stretching energyUt� Tα2 Lλ� T
δ λ3L�1 where α is the slope of the sheet within the wrinklon (α�A2/L2). This energy
becomes dominant when Ut>Us, that is when T>Eh2δ/A. Neglecting the stretching
term, the total energy of the distorted membrane becomes Utot ¼ Ut þ Ub. The

wrinklon length which minimizes Utot (balancing tension and bending energies)

becomes L λð Þ � λ2

h

ffiffiffiffi
T
Eh

q
. As expected, the tensile force increases the length of

wrinklons for a given wavelength and can thus be used to tune the energetic penalty

associated with the λ � 2λ transitions. Considering the equation dλ=dx � λ=L, we
obtain the scaling for the wavelength along a heavy sheet

λðxÞ
h

� Eh

T

� �1=4 x

h

� �1=2

: ð8:1Þ

This scaling is in excellent agreement with the power laws observed for heavy

curtains and graphene bilayers (Fig. 8.3). The data of various macroscopic curtains,

graphene bilayers, and nanometric polystyrene thin films indeed collapse onto a

single master curve without any fitting parameters (see Fig. 8.5) which highlight the

universality of our description. Our formalism is thus validated for seven orders of

magnitude in thickness from graphene sheets to rubber and fabric curtains.

There is obviously various method to geometrically constrain a free sheet.

Consider, for instance, a thin film of PS of nanometric thickness deposited on a

water droplet (Fig. 8.6). The edge of the circular sheet is decorated with a set

Fig. 8.6 (Left) image of a ultrathin sheet of polystyrene deposited on a water droplet [11]. (Right)
sheets confined between two spheres [12]
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wrinkles [11]. These wrinkles should grow to accommodate the stress arising when

a flat sheet is forced to adopt a spherical shape. In fact, the change of shape induces

a change in Gaussian curvature and thus a stretching. Since the surface tension

exerted by water at the edge is not strong enough to overcome this stretching force,

the thin sheet slightly retracts and wrinkles to avoid compression along the edge.

8.3 Compression of Thin Sheets on a Soft Foundation

In the previous section, we showed how to generate wrinkles by playing with

geometrical constraints applied on a free thin sheet. This method is very powerful

to generate hierarchical wrinkles, as shown in Figs. 8.3 and 8.6. In fact constrained

free-sheets always tend to develop cascades of wrinkles with an increasing wave-

length whatsoever the way geometrical constraints are applied. This natural ten-

dency is directly related to the minimization of bending energy through the

curvature (Ub� κ2� 1/λ4). Surprisingly, the growth of a pattern made of regular

parallel wrinkles with a constant wavelength is far from obvious! The solution is to

balance the bending energy with another energy that decreases when curvature

increases. This can be achieved by gluing the thin sheet on a soft substrate, able to

follow the shape of the constrained sheet. This strategy was successfully applied to

fluid [13] and to elastomers [3, 14]. As shown in Fig. 8.7, very regular parallel

wrinkles are observed when a rigid sheet deposited on a soft substrate is compressed

uniaxially. The wavelength is determined by the elastic properties of the membrane

and the foundation (Fig. 8.7). The exact shape of the sheet can be obtained either via

variational methods through Euler–Lagrange equation [15–17] or from a linear

stability analysis of the homogeneous flat state [2, 3, 13, 15].

A linear stability analysis for systems consisting in a rigid layer, Em on top of an

elastomer, Ef with Em�Ef can be easily achieved. When uniaxially compressed by

a factor (Δ ¼ L� L0Þ=L0), energy can be stored in two ways, (1) as pure compres-

sion, the sheet remaining flat, Uc, or (2) as bending of the sheet plus elastic

deformation of the soft foundation, Ub,Uf in the wrinkled state. The comparison

of these energy yields ΔU ¼ Ub þ U f � Uc. The profile of the wrinkled state is

periodic (q ¼ 2π=λ ) and can always be described through a Fourier expansion,

y(x)¼∑ Am cos mqx. For a linear analysis, we only consider single mode, the mean

curvature of a sinusoidal profile is< y00 >�A2q2. We also assume inextensible

boundary condition for the rigid sheet which implies thatΔ ¼ A2q2. The difference
in energy can be written as

ΔU ¼ Δ Emh
3q2 þ E f

1

q
� EmhΔ

� �
:
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The flat state becomes unstable if ΔU < 0. For each wavenumber q we have thus a

critical compression, Δc ¼ h2q2 þ ðE f =EmhÞq�1. Close to the threshold, the

observed wrinkles period should correspond to the minimum of Δc which yields

the following wavelength and critical strain

q ¼ E f

Emh
3

� �1=3

λ ¼ h
Em

E f

� �1=3

ð8:2Þ

Δ∗
c ¼ 2

E f

Em

� �2=3

: ð8:3Þ

The predicted evolution of the wavelength with the material properties is in very

good agreement with observed data for a large variety of experimental systems

(Fig. 8.7). A similar method can be used to study the stability of compressed sheets

on fluid substrates provided you replace the energy of substrate deformation by the

Fig. 8.7 (Top) images of wrinkled state of a rigid sheet compressed on water for increasing

compression ratios [13]. Uniform wrinkled state and period-doubling morphology observed for

compressed sheet deposited on elastomer [14]. (Bottom) evolution of the wrinkles wavelength for

fluid (circles) and elastomer (square) foundations [16]
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relation Uf� ρgA2, involving the hydrostatic pressure of the fluid [13, 18]. The

wavelength for fluid substrate becomes λ � ðEmh
3=ρgÞ1=4 in very good agreement

with experimental observations (Fig. 8.7).

Obviously such a linear analysis is only valid very close to the threshold,

i.e. when A is infinitely small. This model suggests that above (but close to) the

threshold, the wrinkles amplitude should scale as
ffiffiffiffi
Δ

p
with the compression ratio.

Figure 8.8 shows that this law remains however valid for unexpectedly large

compression ratios, Δ � 0:2, well above the threshold for this peculiar system,

close to 0. 02. This observation highlights the robustness of the single wavelength

wrinkled morphology, there is no emergence of super-harmonic modes (nq, with
n integer) as expected for classical pattern formation mechanisms [19].

Close to the threshold for wrinkling, there is no way to discriminate wrinkles on

fluid or solid/elastomer substrates. Increasing the compression ratio changes the

rules, a drastic modification of morphology is indeed observed with different

responses for fluid and elastomers. For fluid substrates, the extra length due to

compression concentrates in a single fold, while compressed sheets on elastomers

always stay periodic. This difference should reflect the emergence of different

nonlinear terms that breaks the symmetry of the wrinkled state. In a similar manner

that buckling breaks the symmetry of the homogeneous flat state. For fluids, the

nonlinearity essentially arises from the bending energy, through the curvature,

κ ¼ y
˙ ˙
=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� _y2

p
. This nonlinearity generates a quartic term in the expression of

energy that will break the longitudinal symmetry keeping the transversal symmetry

of the deformed sheet, i.e., folds up and down are energetically equivalent. As

shown by Diamant and Witten, the resulting nonlinear Euler–Lagrange equation

Fig. 8.8 (a) Definitions of the wrinkles amplitudes A0 and A1. (b) Comparison between exper-

imental and theoretical evolutions of A0 and A1 as a function of the compression ratio for

polystyrene and PDMS [16]
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describing these systems is reminiscent of the sine-Gordon family equations

explaining the growth of solitons [17].

For elastomers, a bifurcation due to the nonlinearities is observed with the

emergence of a sub-harmonic mode, q/2 (Fig. 8.8). This bifurcation clearly corre-

sponds to a period-doubling sequence similar to what is observed for Faraday

instability of shaken fluid layers, except that this bifurcation refers to time and

not space [20]. For the Faraday instability, the period-doubling is usually described

with a nonlinear parametric oscillator model. Interestingly, the Euler–Lagrange

equation describing the minimization of energy for the compressed sheet on

elastomer bears also some resemblance with a parametric oscillator [14].

It should be noticed however that the period-doubling behavior is only observed

for elastomer substrates without pre-strain. When the compression is achieved

through a pre-stretching of the elastomer slab prior deposition of the thin sheet,

the nonlinear elasticity of the PDMS rubber comes into play and other morphology

characterized by periodic cusps is observed [21].

8.4 Wrinkling Coupled to Diffusion, Swelling, Thermal
Constraints, . . .

Wrinkles are however not limited to a set of parallel periodic folds, 2D wrinkled

patterns can also be produced. Obviously, there is no way to generate 2D morphol-

ogy from simple uniaxial compression of the thin sheets. We will now consider

radial compression, symmetric or not. The simplest method to produce 2D patterns

is to apply compression in the rigid sheet along two orthogonal directions. Different

morphologies, with periodic nipples, squares, or labyrinthine can be achieved.

However, several experimental studies highlight that the resulting morphology

strongly depends on the history of deformations, applying two subsequent uniaxial

compressions is clearly not the same as applying simultaneously compression along

two directions (Fig. 8.9).

Fig. 8.9 SEM and AFM images of surface patterns when compressing an oxidized PDMS film

either (a) sequentially or (b) simultaneously [22]
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Interestingly, 2D compression stress can be applied through unconventional

methods involving, swelling, or surface tension. 2D stress can also be applied by

subsequent inflating/deflating of a spherical bump in a microfluidic device

(Fig. 8.10) [23]. Swelling can be used in two different ways, either by a direct

compression of a confined slab as shown by Tanaka et al. [2], or indirectly, the

solvent changing the rheological properties of the foundation [24, 25]. This last

method was used to induce wrinkling in bilayers of titanium thin film deposited on

polystyrene (PS). Wrinkling was induced by immersing the multilayers in toluene

vapors. Toluene is a good solvent of PS, it can swell the polymer layer located

below the Ti membrane by diffusing through tiny defects, either resulting from the

deposition process or obtained by AFM indentation.

As shown in Fig. 8.11, immersion of a polystyrene film capped with a thin

titanium layer in toluene vapors leads to the formation of wrinkle domains in the

Fig. 8.10 (a) Highly pre-stretched bi-layer system using micro-fluidics. (b) Compressive strain is

applied by reducing the oil inside the chamber and a ridge structure emerges on the surface.

(c) SEM image of the ridge structure [23]

194 P. Damman



metallic membrane with various morphologies. Parallel wrinkles, herringbones,

splaying-fan like morphologies, circles, and circles decorated with tiny dots can be

observed when the solvent diffuses inside the polymer layer. These metastable

patterns emerge spontaneously depending on the geometry of the diffusion front

and the layer thicknesses.

For the diffusion assisted wrinkling process, the compressive stress at the origin

of the patterns is related to the thermal deposition of the metal film on the polymer

substrate. Due to the very high elastic modulus of glassy PS the metal surface while

in compression remains flat. The wrinkling instability is then induced by immersing

the samples in solvent vapors of the polymer, since swelling induces a drastic

decrease of the elastic modulus (Fig. 8.11). Strikingly, the resulting wrinkling

patterns do not show the usual labyrinthine morphology [3] (see Fig. 8.1) but are

clearly determined by the geometry of the diffusion process (Fig. 8.11). Parallel

wrinkles are observed when the solvent diffuses from the edge yielding a linear

front. Radial organization of wrinkles arises from point-like diffusion starting at

tiny holes randomly distributed in the thin metal layer (i.e., defects resulting from

the deposition process of the metallic film). The wrinkles thus always grow

preferentially perpendicular to the wavefront. The relevance of molecular diffusion

in the observed phenomena is obviously supported by the dynamics of the process

that follows the classical Fickian diffusive behavior, distance/ t1/2.
As a consequence, multilayers made up of low elastic modulus elastomers, such as

polydimethylsiloxane (PDMS, Ep� 106 Pa), buckle with very small critical stresses.

It was thus not surprising that metal surfaces deposited by thermal evaporation

wrinkle during the deposition process [3]. The PDMS layer, thermally expanded

during metal deposition, induces a compressive stress in the rigid membrane when

cooled to ambient temperature. In contrast, replacing the elastomer with a high

modulus glassy polymer, such as PS, Ep� 109 Pa, increases the critical stress by

one order of magnitude. It could become so large that the thin metal surfaces, while

Fig. 8.11 (Left) parallel and radial wrinkles morphologies observed when solvent diffuses in the

PS layer from an edge or a point-like defect, respectively. (Right) schematic representation of the

wrinkle mechanism induced by solvent diffusion. First, the thermal deposition process generates

compression in the upper membrane. Subsequently, solvent diffusion triggers the transition from

unbuckled to buckled state
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stressed, remain perfectly flat after the thermal deposition. These stressed but flat

titanium surfaces can thus be considered as ready to buckle membranes.

The Ti/PS/SiOxmultilayers are however highly sensitive to chemical stimulation

thanks to the polymer layer. Indeed, the diffusion of a good solvent in PS leads to a

drop of the glass transition temperature together with a drastic decrease of the

elastic modulus (e.g., adding 15% w/w of toluene is enough to obtain elastomeric

PS at room temperature). To some extent, we could consider that solvent diffusion

is equivalent to a local increase of temperature for the PS layer. Since the formation

of wrinkles is fully determined by the critical stress, strongly dependent on polymer

elastic modulus, this diffusion process should trigger a transition from unwrinkled

to wrinkled state (Fig. 8.11).

The relation between the wavelength and materials properties can be obtained

from a scaling energetic approaches, based on a balance of the membrane bending

energy with the penalty associated with the deformation of the foundation [26]. For

micrometric polymer film thicknesses, the wrinkle wavelength follows the allometric

relation λ/ (hHp)
1/2 or λ∗/Hp

∗1/2 using variables without dimensions,λ∗ ¼ λ=h and
H∗

p ¼ Hp=h.

Interestingly, we observe a drastic deviation from the expected behavior for very

thin polymer films (nanometric thickness), Fig. 8.12. Instead of a continuous

decrease of λ∗ with Hp
∗, a “V shape” curve with a slope reversal is observed.

Since the deviation appears for polymer films thinner than 50 nm, we add van der

Waals (VDW) interactions between the silicon substrate and the titanium mem-

brane in our model. These interactions cannot be neglected when both surfaces are

separated by a distance smaller than 100 nm. The VDW energy (per unit surface area)

between two surfaces separated by a distance z is given by PðzÞ ¼ AH=12πz2

[27]. The Hamaker constant, AH, corresponding to the interactions of two surfaces,

1 and 2, through a medium 3, can be computed from the dispersive component of the

individual surface tensions, γi
D, by using the relation A132 ’ ð

ffiffiffiffiffi
γD1

p
� ffiffiffiffiffi

γD3
p Þ

6

7
8
9

100
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1 10 100

H*p

Fig. 8.12 Evolution of the

normalized wavelength, λ∗,
with the normalized

foundation thickness Hp
∗,

for trilayers Ti/PS/SiOx

immersed in toluene vapors.

The line corresponds to the

solution of Eq. (8.5)

196 P. Damman



ð
ffiffiffiffiffi
γD2

p
�

ffiffiffiffiffi
γD3

p
Þ [28]. For two materials of high surface energy separated by a polymer

medium, AH ’ �4:10�19 J.Forawrinkledsurfacewitha slowlyvarying thickness z(x),
the corresponding energy can be estimated from a Taylor expansion limited at the

second order of P[z(x)] that yields

Zλ

0

1

2

d2P

dz2

� �

z¼z0

½zðxÞ � z0�2 dx,

where z0 is the average film thickness.

For a sinusoidally wrinkled polymer layer with zðxÞ ¼ H p þ A sin 2πx=λ and

z0¼Hp, the total energy of the system per unit surface area can be written as:

UT ’ Eh3A2

λ3
þ Epλ

3A2

H3
p

� jAHjA2λ

H4
p

, ð8:4Þ

where the first term is the bending energy of the upper Ti membrane, the second

term is the elastic energy stored in the polymer layer, and the third term is the

contribution of the VDW energy. For such very high molecular weight polymer

(Mw¼ 1. 4 � 106Da), we can consider a purely elastic foundation. Indeed, the time

scale of the experiment (’ 100 s) remains very small with respect to the disentan-

glement time τd that determines the transition between elastic and viscous behav-

iors. Minimizing the total energy with respect to λ∗, considering λ∗ and Hp
∗

variables, yields the relation

� E

λ∗4
þ E pλ

∗2

H∗3
p

� jAHj
h3H∗4

p

¼ 0: ð8:5Þ

The solution of this equation is plotted with the experimental data in Fig. 8.12,

showing the good agreement between the model including VDW energy and the

experimental results.

Wrinkling from solvent diffusion was also used for other systems [29]. For

instance, combining UV exposure and solvent diffusion, a zoo of morphology:

flowers, concentrated rings, and labyrinthine patterns can be obtained (Fig. 8.13). It

should be noted however that there is no theoretical model to explain the transition

between all these rather exotic patterns.

Combining wrinkling and diffusion provides thus an interesting method to

produce complex patterns with tunable dimensions. However this physical method

by itself is not suitable as a patterning technique due to the randomness of the

wrinkle nucleation events. Indeed, the random distribution of the wrinkled domains

is related to the uncontrolled localization of defects in the metal membrane. To

solve this problem, we use thicker titanium layers and an AFM tip (Fig. 8.14) to

make small holes in the metal layer with a specific geometry. As shown in
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Fig. 8.14c, this nano-indentation process prior to solvent exposure provides a fine

control of the spatial layout of the wrinkled domains. Furthermore, since the

wrinkle orientation is determined by the diffusion front, it becomes possible to

generate tailor-made wrinkled patterns by tuning the geometry of the carving.

Wrinkles initiated at the corners and tips of the engraved area (Fig. 8.14b) exhibit

radial orientation while parallel wrinkles develop from the linear parts.

Fig. 8.13 Variety of morphological patterns via swelling-induced surface wrinkling. Optical

microscopy images of various wrinkling patterns produced on 500 nm thick PS films with different

UVO exposure times from 2–40min [29]

Fig. 8.14 Optical images of wrinkled Si/PS/Ti multilayers, previously patterned with an AFM tip

and then exposed to toluene vapor for 2 min. (a) scheme of the patterning method, observed

patterns for squares 2 μm (b) and lines 2 μm wide (c). Scale bars correspond to 10 mm [25]
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8.5 Conclusions

Playing with materials properties and the way the compression stress is applied,

various topography with parallel wrinkles (with a cascade of wavelength, or a

superposition of several modes, or the growth of a soliton-like solution), radial

wrinkles, chaotic labyrinthine, and many others patterns can be generated. For

application purposes, it is usually more convenient to generate in situ the rigid

thin sheet on the elastomer by using UV irradiation, for instance. Oxydation of the

polymer surface creates a crust that wrinkles when a compression stress is applied.

As shown by Eq. (8.2), the thin sheet thickness and thus irradiation time determines

the wavelength that could range from hundred of nanometers to centimeters. These

surfaces were used for various applications including the design of superhydrophobic

surfaces, new non-permanent adhesive [30], flexible electronic devices [31].Wrinkled

surfaces exhibiting sub-micrometric features were also used for optical devices such

as anti-reflective coatings, optical cavity [32, 33].
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Chapter 9

Reaction-Diffusion Dynamics Induced
Surface Instabilities

Murat Guvendiren

9.1 Introduction

Surface instabilities on polymer surfaces are usually regarded as defects, and

appearance of these instabilities is a major problem in many applications. In fact,

it is very common to come across phrases like “crease-resistant finishing” or

“wrinkle-proof coating”. The surface instabilities generally arise either during

fabrication of the polymer system, such as due to the reaction dynamics, or post-

fabrication in response to external stimuli, such as solvent, reactive agent, pH,

temperature, and ion concentration. There is a growing interest to harness these

“undesired” instabilities to create user-defined surface patterns. Polymer systems

that display spontaneous formation of surface instabilities, or patterns, with con-

trolled properties (such as occurrence, size, order, and complexity) are potentially

useful for a wide range of applications, including sensors [1], microfluidic devices

[2, 3], responsive coatings [4], smart adhesives [5–7], microlens arrays [8–10], cell

culture substrates [11, 12], and even property measurement tools [13]. In this

chapter, reaction and/or diffusion dynamics induced surface instabilities are sum-

marized, with particular emphasis on transient and persistent creasing instabilities

due to inhomogeneous diffusion of a solvent, wrinkling to creasing transition in

response to solvent composition, and self-oscillating instabilities due to reaction

dynamics.

M. Guvendiren (*)

New Jersey Center for Biomaterials, Rutgers – The State University of New Jersey,

145 Bevier Rd., Piscataway, NJ 08854, USA

e-mail: mguvendiren@gmail.com

© Springer International Publishing Switzerland 2015

J. Rodrı́guez-Hernández, C. Drummond (eds.), Polymer Surfaces in Motion,
DOI 10.1007/978-3-319-17431-0_9

201

mailto:mguvendiren@gmail.com


9.2 Transient to Persistent Surface Instabilities

Gel is a three-dimensional polymer network with the ability to hold a solvent.

Hydrogel is formed when the building block of the network is a water-soluble

polymer, and the surrounding solvent is water. These polymer networks can reversibly

swell and de-swell (shrink) in response to temperature and solvent composition, which

is associated with a three-dimensional volume expansion or contraction, respectively.

When a polymer network swells (or de-swells), the volume transition can be as large as

a 1,000-fold. This volume transition occurs gradually. It is not a homogenous process

but rather occurs discontinuously, creating dynamic heterogeneities within the net-

work, which leads the display of transient patterns [14–18]. Almost three decades ago,

Tanaka et al. reported the dynamic pattern formation on uniform ionized acrylamide

gels during extensive swelling in water [19]. Initially the pattern was extremely fine

(like a frosted glass), grew in size with time by coalescing with each other, and

gradually disappeared when the pattern size reached to the size of the gel

(Fig. 9.1a). They observed that the pattern started to form as the free surface of
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Fig. 9.1 (a) Evolution of swelling-induced pattern formation on acrylamide hydrogel formed in a

petri dish. (b) The schematic of the gel before and after swelling (left), and the condition for

instability plotted for two independent parameters (right). (Reprinted by permission from

Macmillan Publishers Ltd: Nature [19], 1987)
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the gel began touching each other, forming localized sharp folds. These types of

instabilities are generally referred to as creasing instabilities. This phenomenon can be

attributed to the collective diffusion of the polymer network into the solvent,

governing the kinetics of the swelling [18, 19].

In this approach, the gel is considered as a combination of thin layers, where the

swelling process is initiated from the very thin surface layer of the polymer

network. This puts each layer under a mechanical constraint as the inner surface

of the layer is fixed to the unswollen core whereas the outer surface of the layer is

free to swell. The state of the layer is determined by the osmotic pressure in such a

way that stretching of the network occurs at lower pressures (gel displays flat

surface) whereas the outer layer is forced to buckle (instabilities appear on the

surface) when the pressure is high. When the hydrogel reaches equilibrium swelling

state, the osmotic pressure becomes independent of the gel depth, resulting in

disappearance of the creasing pattern. This phenomenon occurs always in every

gel during swelling, whether it is observable or not depends on the kinetics of the

process. However, the transient pattern becomes persistent when the bottom surface

of the gel is constraint to a substrate, as long as the gel is maintained in the swollen

state [17, 19–22]. The creasing pattern disappears when the swelling of the gel is

lowered sufficiently, and recovered when the swelling is induced again [20]. This

process is reversible, and in most of the cases the location of the individual crease

pattern is similar to the initial location. For instance, when the poly(acrylamide) gel

was reversibly swollen in the water by changing the solvent composition (i.e., salt

concentration), the location of the creases was highly conserved [20]. However,

clear changes in crease morphology were reported in some of the regions on the

hydrogel, due to the local inhomogeneities in the hydrogel.

For a constraint gel, the osmotic pressure can be expressed as a function of

the film modulus (E), the wave vector of the pattern (k), and the thickness of the

gel (h) [19]:

P ¼ E
1=2
2

kh

3
� E

1=2
0

1

kh

� �2

þ 2

3
E2E0ð Þ

The critical pressure for buckling (Pc) with a critical wavelength (λc) is equal to

Pc ¼ 2

3
E2E0ð Þ1=2

kC ¼ 2π

λC
¼ Eo

E2

� �1=4 ffiffiffi
3

p

h

In these equations, the critical pressure is roughly proportional to the Young’s

modulus of a uniform gel (Pc¼E) and independent of the film thickness (h),
whereas the characteristic wavelength (λc) of the pattern is proportional to the

film thickness and dependent on the modulus (Fig. 9.1b) [19].

To better understand the pattern formation dynamics, the morphological

and kinetic evolution of the surface pattern during swelling was studied extensively
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[14, 15, 21–23]. For a thin film gel attached to a rigid substrate, the characteristic

wavelength of the surface pattern can be assumed to be proportional to the defor-

mation along the z axis (normal to the substrate), u(z,t) and can be explained by the

linear diffusion theory, or Fickian-type kinetics [21, 23, 24]:

∂u=∂t ¼ D∂2
u=∂z2:

In this case, the solution for the above equations is equal to

uðtÞ=uð1Þ � λðtÞ=λð1Þ

which is equal to

λðtÞ ¼ λ1
�
1� ð8=π2Þ

X1
n¼0

ð2nþ 1Þ�2
eð�t=τnÞ

�
,

where

τn ¼ τ= 2nþ 1ð Þ2, and τ ¼ αeh0ð Þ2= π=2ð Þ2D
h i

.

Note that αe is the equilibrium linear expansion and D is the effective diffusion

coefficient. This equation can be further simplified for a short and a long period of

swelling time, respectively.

λ tð Þ ¼ 1� 1=αð Þ Dtð Þ1=2

λðtÞ ¼ λ1
�
1� ð8=π2Þeð�t=τÞ�

These equations are particularly useful to determine equilibrium wavelength (λe) of
the pattern and time required for instabilities to reach the equilibrium. For instance,

for the poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels crosslinked with

ethylene glycol dimethacrylate (EGDMA), the evolution of the characteristic

wavelength of the pattern during swelling in water was found to be determined

by the crosslinker concentration and the initial film thickness. The equilibrium

wavelength decreased with increasing concentrations of EGDMA and decreasing

initial film thickness [25].

When the hydrogel film is covalently attached to a much stiffer substrate, the

confinement restricts osmotic swelling at the film/substrate interface during

the swelling process. Thus, the film preferentially swells in the direction normal

to the surface, affecting the structural and mechanical properties of the hydrogels,

such as permeability and solvent uptake [19, 26–29]. Due to this anisotropic

swelling, hydrogels experience an in-plane equibiaxial compressive stress,

which is related to the equilibrium swelling of the unconstrained hydrogel films

in the stress-free state [20, 30, 31]. Therefore, the condition for instability

formation, previously explained above with respect to osmotic pressure, can be

explained by a model system with respect to mechanical compression (Fig. 9.2)
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[32]. This approach consists of a sequence of the following hypothetical events:

(1) the constrained gel is detached from the substrate to a free state, (2) the free gel

is swollen to equilibrium, (3) biaxial compression (x and y axis, perpendicular to the
substrate) is applied to the swollen gel to fit the gel back onto the substrate. The gel

becomes unstable to form surface instabilities at a critical value of the compressive

strain, εc, which does not depend on the modulus of the material or the characteristic

length scale of the instability [20, 32, 33]. The instability only occurs when the

extension ratios parallel to the free surface satisfy αx
2αy¼ 0.296 [20, 32, 33]. Note

that, α¼ l/l0, where l0 and l denote the initial size and the final size, respectively.

When the equibiaxial compression (αx¼ αy¼ α) is considered, this leads to

εc¼ 1� α¼ 0.334. Here, we would like to note that it is also possible to obtain

persistent surface instabilities by creating similar heterogeneities on the constraint

polymer films via buckling or wrinkling. Although the driving force for both the

instabilities is the same, the two modes of instability occur at a very different

critical strain, such that wrinkling requires much lower strain [34, 35]. Although

wrinkling is the main focus of the previous chapter, it is briefly discussed below.

9.3 Wrinkle to Crease Transition

The majority of work done on surface instabilities involves bilayer films composed

of a hard skin [36], e.g., metal [37], polymers [13, 38], and silicate [8, 39–41], on a

softer elastomer sheet, such as poly(dimethyl siloxane) (PDMS), which can then be

expanded thermally, mechanically, or osmotically [36]. Buckling occurs due to the

compressive stress generated as a result of the modulus difference between the skin

and bulk. This buckling led to the formation of various wrinkle patterns, including

one-dimensional (1D) ripples, two-dimensional (2D) labyrinth and herringbone

structures, and their variations [42, 43]. The thickness and the uniformity of

the physical properties of each layer can be controlled to tune the morphology,

order, and complexity of the wrinkle patterns [36]. The length scales in wrinkling

instabilities are typically on the order of submicrons to tens of microns, which is

due to the competition between the hard skin favoring the short wavelength

wrinkles and the soft elastomer favoring the longer wavelength wrinkles. However,

Fig. 9.2 Schematic of the swelling of a surface attached polymer network
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the majority of these studies have focused on pattern formation above the critical

stress, and few have studied the onset of wrinkling, which starts with formation of

the highly ordered hexagonal patterns [44–46], and much above critical stress,

which leads wrinkle to crease transition [34, 47, 48]. In this section the focus is

on the wrinkle to crease transition.

Although much work has focused on manipulation of swelling-induced elastic

instabilities in elastomeric films to form complex patterns [45, 49–52], there is a

growing interest in controlling pattern formation and ordering in much softer

systems, such as gels [19, 20, 44, 53, 54]. For elastomer systems with a thin

rigid skin, wrinkling instabilities are formed at relatively small compressive strains

[37, 42, 43, 55–57], which can often be approximated by the classical plate theory

[36, 37, 40, 42]. For hydrogels, on the other hand, the swelling-induced creasing

instability arises due to relatively larger compressive strains. Therefore, in addition

to the film modulus and the strain level, the crosslinking density and its homoge-

neity within the film, and film thickness could play important roles in controlling

the pattern morphology and the characteristic size [19, 20, 53]. Therefore, polymer

systems displaying heterogeneities in their properties (such as crosslinking density)

with depth are particularly intriguing as they can provide a much wider range

of surface instabilities when exposed to a stimulus, such as solvent or temperature

[25, 34, 44, 58, 59].

One of the ways to create a depth-wise gradient is to create a polymer system

with two-reactive components: one being reactive to the polymer whereas the other

one targeting the first component. In this approach, one component has to be

homogenously distributed within the polymer, and the other component has to

be initially outside the polymer but diffuses over time during the reaction of the

polymer with the first component. For instance, photopolymerization reactions in

the presence of oxygen can be used to create depth-wise crosslinking (modulus)

gradient for surface attached gels [31, 44, 60]. Here, oxygen acts as a scavenger and

inhibits radical polymerization, which is more pronounced on the top surface of the

film (Fig. 9.3). In this regard, a wide range of patterns were reported by exposing a

photocurable formulation poly(2-hydroxyethyl methacrylate) (PHEMA) to light

while open to air and then swelling in water (Fig. 9.4) [44]. The oxygen inhibition

of the radical polymerization at the surface created a gradient of the crosslinking

with depth, which was confirmed by measuring the double bond conversion at the

surface, surface mechanics, and molecule diffusion into the network. The modulus

gradient, and hence the osmotic pressure, is controlled by the crosslinker concen-

tration, and the characteristic size of the pattern is determined by the initial film

thickness. The pattern was reported to be stable in both swollen and dry states. The

formation of stable patterns was explained by the glassy nature of the PHEMA,

such that the top surface of the polymer film became rubbery and easily deform

when swollen, whereas the relaxation time of the polymer network was much

longer than the water diffusion rate during drying, locking (freezing) the pattern

in dry state. A similar approach was later reported using reactive silane infusion in

toluene [61]. In this case, PHEMA films were exposed to methyltrichlorosilane

(MTCS)/toluene solution in a reactor at 90 �C for 2 h. The condensation reactions of
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the trichlorosilane groups with hydroxyl groups of the PHEMA led formation of a

gradient crosslinking density with depth leading similar surface instabilities.

These surface instabilities are either in the form of shallow undulations, wrin-

kling, or in the form of sharp folds, creasing, which is determined by the linear

expansion (α) of the confined film in a solvent. To develop a deeper understanding

of the mechanism of wrinkling and creasing surface pattern formation, PHEMA

Fig. 9.4 A wide range of wrinkling patterns observed for PHEMA hydrogels with increasing

crosslinker concentration. (Adapted with permission from [44]. Copyright 2009 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim)

Fig. 9.3 (Top) Oxygen
diffusion from the top

of the UV curable

precursor solution hinders

crosslinking, which is more

pronounced at the surface.

(Bottom) Solvent diffusion
is more pronounced at the

top layer due to gradient

crosslinking. This gradient

creates surface instabilities
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films with depth-wise crosslinking gradient were used [34]. Films were swollen in a

range of pure and mixed solvents to investigate the transition from wrinkling to

creasing instabilities (Fig. 9.5). Note that the degree of the swelling and hence the

magnitude of the compressive strain (or stress) is dependent on the polymer

chemistry, the gel composition, the extent of the crosslinking, and the solvent

quality, i.e., the affinity between the solvent molecules and the polymer chains.

Therefore, it is possible to determine the critical condition for crease formation with

respect to swelling. For a surface attached gel, the volumetric swelling ratio (V ) is
equal to the linear expansion (α), the ratio of the swollen film thickness to the dry

thickness, as shown below [34].

α ¼ h

h0
¼ 1

1� ϕsð Þ

In this equation, ϕs denotes the solvent fraction in the polymer network, which is

dependent on the degree of crosslinking and solvent quality. To put this in perspec-

tive, the shear modulus (G) is proportional to crosslinking density (vx) and the

solvent fraction (ϕs), according to the Neo-Hookean model of rubber elasticity

theory [62]

G / vx / 1� ϕsð Þ1=3

On the other hand, the quality of the solvent or the solubility of the polymer in a

solvent is determined by the solubility parameter (δ) and the Flory-Huggins poly-

mer-solvent interaction parameter (χ). Solvating potential of a solvent can be

written by using Hildebrand theory [34, 63, 64].

α

αmax

¼ exp aα δs � δ p

� �2h i

In this equation, αmax is the maximum linear expansion ratio, and a is a constant. δs
and δp are the solubility parameters for the solvent and the polymer network,

respectively. Therefore, the solubility of the polymer network is favored (i.e., the

polymer network shows maximum linear swelling) when δs� δp. Therefore, it
is possible to control the degree of the linear expansion ratio (or swelling) of the

constraint polymer film by selecting suitable solvents (Fig. 9.6). For instance,

Fig. 9.5 Schematic of the wrinkling and the creasing instabilities (cross section of the film).

Reversible transition of wrinkle to crease occurs by controlling solvent quality

208 M. Guvendiren



PHEMA films with depth-wise gradient crosslinking allowed formation of

wrinkling pattern in a poor solvent, such as water (δs¼ 47.8), as wrinkling insta-

bility occurs in low compressive strains (see the discussion above). Large cracks

and delimitations were observed for DMSO (δs¼ 26.7), whereas creasing instabil-

ities were observed in methanol (δs¼ 29.6) and ethanol (δs¼ 26.5). When solvent

composition of ethanol-water mixture was dynamically tuned in situ, reversible

transition of wrinkle to crease instabilities or vice versa was observed.

Another approach was reported to dynamically control the degree of swelling

independent of solvent composition but by dynamically controlling the degree

of crosslinking in the polymer gel. In this approach, polymers with

photocleavable side groups were used to spatially and temporally alter hydrogel

surface patterns via light exposure [65]. For this purpose, polymer films were

fabricated via thermal polymerization of 2-hydroxyethylacrylate (TEA) and

2-nitrobenzyl acrylate (2-NBA) in the presence of ethylene glycol dimethacrylate

and 2,2-azobisisobutyronitrile, at 65 �C for 60 min. Crosslinked polymer film

was formed on methacrylated glass slides, which ensured covalent attachment of

the polymer network to the glass slide. The film was exposed to UV light in

DMSO, to cleave and remove the hydrophobic 2-NBA groups, forming free

carboxylic acid side chains (Fig. 9.7), and thus, increasing hydrophilicity of the

gel. The degree of the UV exposure was controlled to tune the water contact angle,

the swelling ratio and the elastic modulus of the films, and thus, the display

of swelling-induced surface patterns (Fig. 9.8). One of the advantages of this

approach is the spatial control of the cleavage, which can be controlled by

using a photomask.

Fig. 9.6 Linear expansion with respect to the solvent solubility parameter (left), and optical

images of the corresponding instabilities for PHEMA hydrogel with 3 and 1 % crosslinker

(EGDMA) (right). (Reproduced from [34] with permission from The Royal Society of Chemistry)
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9.4 Self-Oscillating Dynamic Instabilities

Self-oscillatory patterns can be created by repeating swelling and de-swelling of the

polymer network in a closed system, i.e., without any external stimuli. In compar-

ison to stimuli-induced patterns (summarized above), self-oscillatory patterns have

no on-off switch, and can repeat itself periodically, such as a beating heart

(Fig. 9.9). The idea was based on Belousov-Zhabotinsky (BZ) type reaction [66]

to induce spontaneous temporal change in the redox potential to control swelling

O
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O O O O
OO

NO

H

O

OH
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O
OH

T = 65 °C
365 nm UV
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Fig. 9.7 (a) Thermal polymerization of HEA with 2-NBA followed by irradiation with UV light

in DMSO to cleave 2-nitrobenzyl groups. (b) Swelling of the polymer, and hence the degree of

surface instabilities, was controlled by UV exposure time. Scale bars are 100 μm. (Reproduced

from [65] with permission from The Royal Society of Chemistry)

210 M. Guvendiren



120

100

0 15
Exposure Time / min

Exposure Time / min

Exposure Time / min
90

0 15 90

0 15 90

a b

c

80

60

40

C
on

ta
ct

 A
ng

le
 / 

D
eg

re
es

W
et

/D
ry

 S
w

el
lin

g 
R

at
io

E
la

st
ic

 M
od

ul
us

 / 
kP

a

20

0

3.5

4

3

2.5

2

1.5

1

0.5

0

700

600

500

400

300

200

100

0

Fig. 9.8 (a) Contact angle, (b) swelling ratio, and (c) elastic modulus of the polymer films after

0, 15, and 90 min of UV exposure. The inset images in (b) are confocal microscopy images of the

films (xz-plane), where gels are equilibrated in a fluorescent dye containing PBS solution to obtain

contrast. (Reproduced from [65] with permission from The Royal Society of Chemistry)

ON

Time

External stimuli
(temperature
change, etc.)

No on-off stimuli, constant condition

CH2 CH2CH2 CH

CH2

CH2

CH

NH

CH3

CH3CH3

CH
x

2+
y

CH

NH

C O

C O

C O
N

N

N

N

N
N

RuCH

NIPAAm Ru(bpy)3

NH

Time

OFF

a

b

Conventional stimuli-responsive gel

Self-oscillating gel

ON

D
es

w
el

lin
g

S
w

el
lin

g
D

es
w

el
lin

g
S

w
el

lin
g

OFF

Fig. 9.9 (a) Plots indicating occurrence of swelling-deswelling for a stimuli responsive vs. a self-

oscillating gel. (b) Chemical structure of poly(NIPAAM-co-Ru(bpy)3) BZ gel. Reprinted with

permission from [67]. (Copyright 1999 American Chemical Society)



and de-swelling of the polymer network periodically [67–70]. BZ reaction based

patterns are first observed in homogenous solutions, then in many gel systems

[66]. BZ reaction involves a metal catalyst that undergoes oscillatory reduction

and oxidation, when exposed to the BZ reagents, such as NaBrO3, HNO3, and

malonic acid [71]. BZ reaction transforms the chemical reaction into mechanical

oscillation by contracting the gel in the reduced state and swelling the gel in the

oxidized state, leading formation of the self-oscillating pattern.

Polymer gel systems gained special attention as they possessed many advan-

tages, such as elimination of the hydrodynamic convection, ability to immobilize

chemical groups including BZ catalysts, enabling the use of open systems without

disturbing the pattern, possibility to explore water-soluble catalysts, and providing

a bubble-free environment [66]. BZ catalyst can be free or tethered to the polymer

network. For instance, ferroin-type catalyst [Fe(phen)3] was used in soluble form

for Millipore, Aerosil, agar-agar, and acrylamide systems. The use of highly

hydrophobic and anionic BZ catalysis in tethered form were reported for silica

gel, poly(acrylamide), calcium alginate, and anion-exchange resin (Fig. 9.10)

[66]. These types of polymer gels undergoing BZ reaction are commonly referred

to as BZ gels [67, 70, 72].

NIPAAm-based BZ gels are the most commonly used self-oscillating gels [67, 69,

70, 73]. For instance, the polymer network prepared from N-isopropylacrylamide

(IPAAm) and copolymerized with ruthenium tris(2,20-bipyridine) (Ru(bpy)3), a

catalyst for the BZ reaction, (poly(IPAAm-co-Ru(bpy)3)) was shown to swell and

de-swell at the oxidized (Ru(bpy)3
3+) and reduced (Ru(bpy)3

2+) states of the catalyst

respectively, forming patterns with a wavelength equal to 50 μm [67]. BZ gels that

are millimeters in size can self-oscillate in hours [74], and the system can be revived

by refreshing the solution with reagents consumed in the reaction [75]. Velocity and

the frequency of the chemical wave are shown to be controlled by controlling the

Fig. 9.10 Optical images of patterns formed on BZ gels. From left to right: Spiral BZ patterns

(wavelength 0.82 mm) on calcium alginate gel; target patterns appeared in the discrete

ion-exchange resin (wavelength of the patterns for the tight area on the left side of the image is

about 1.2 mm); pattern on silica gel film. Reprinted with permission from [66]. (Copyright 1991

American Chemical Society.)
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diffusion of the reacting species (such as HBrO2) via temperature [74]. The size of

the gel influences the oscillation behavior of the gel in such a way that duration of the

oxidative state and the period of the oscillation are both reported to be increased with

decreasing gel diameter (for a cylindrical geometry) [73, 76].

A wide range of BZ gels were developed based on polyacrylamide (PAAm),

silica, poly(acrylamide-co-acrylate), and gelatin [77–79]. In addition, PAAm-based

BZ gels were reported to de-swell when the catalyst was in the oxidized state [80],

which was attributed to the formation of dynamic crosslinks at the oxidized state

[77, 80]. Finally, postfunctionalization technique was employed by printing a

reactive Ru catalyst ink onto a nonresponsive polymer substrate. The patterns

were shown to form within the printed space, when the films were placed in the

BZ solution medium [81]. The BZ gels with oscillatory behavior have many

potentially useful applications including sensors [75], drug delivery applications

[82], and robotics [83], but their use is currently limited due to availability of the

fully developed systems.

9.4.1 Stationary Instabilities

It is possible to observe the spontaneous formation of stationary concentration

instabilities in a closed reaction-diffusion system. These types of instabilities are

referred to as Turing patterns. The theoretical model for Turing patterns was first

developed by Turing [84], and the experimental evidence was obtained by Castets

et al. for chlorite–iodide–malonic acid (CIMA) reaction in the presence of starch

[85]. Later it was found in ferrocyanide-iodate-sulfite (FIS) reaction [86–89]. In

order to form a Turing pattern a gradient of an activator and an inhibitor was

generated within a gel film (or a membrane) in a reactor by hindering the diffusion

of the activator to lower the diffusivity as compared to that of the inhibitor

[90]. Gels are generally preferred as a reaction medium to restrict the mass transfer

by convection. Transition from a uniform state to hexagonal and striped Turing

patterns was also reported [90–92]. Polyacrylamide gels with tunable swelling ratio

were used to investigate pattern formation in the FIS reaction [93]. The degree of

swelling was shown to control the pattern formation in the FIS reaction for the poly

(acrylamide) gels. At high swelling ratios oscillating spot patterns were observed,

whereas lamellar patterns appeared at low swelling and self-replicating spot pat-

terns were observed in between [93].

9.5 Summary

Polymeric systems displaying tunable and dynamic surface patterns are emerging

as important platforms for many applications. Polymer networks swell and de-swell

when exposed to a solvent. Controlling network heterogeneity enables to tune the
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reaction and the diffusion dynamics of species with the network. These systems

enable display of transient to persistent creasing patterns, wrinkling to creasing

transition, and self-oscillatory patterns can be created by repeating swelling and

de-swelling of the polymer network without any external stimuli. The advances in

our ability to control these surface instabilities will open new possibilities and

applications for these systems.
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Chapter 10

Breath Figures: Fabrication of Honeycomb
Porous Films Induced by Marangoni
Instabilities

Alexandra Mu~noz-Bonilla, Maud Save, Laurent Billon,
and Juan Rodrı́guez-Hernández

10.1 Introduction

The creation of porous polymer surfaces is a center of interest in current research.

Porous surfaces possess extremely high specific surface areas, thus allowing their

employment in a large variety of applications including electronics, photonics or

biotechnology [1, 2]. Pore size and distribution can play a major role in selective

transportation or in insulation processes amongst others [3]. Those porous materials

with cavities in the micrometer size range are interesting in catalysis, sensors,

membrane preparation or as scaffolds for composite materials. Moreover porous

materials with pore dimensions comparable to the wavelength of visible light are of

interest as photonic band-gaps and optical stop-bands.

Structures with micrometer or submicrometer dimensions can be created using

different templating methods [4, 5]. A large variety of approaches have been devel-

oped and employed to prepare microporous structured materials, including the use

of templates such as ordered arrays of colloidal particles to produce inverse opal

structures [6–9], from transformed polymeric sphere arrays [10, 11], using emulsion

droplets as templates [12], employing natural biological templates [13–16], by
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phase inversion [17], self-organized surfactants [18], microphase separated or

electric-field-induced block copolymers patterning [19–21], etc. Other alternatives

include direct writing of polymer patterns [22], the use of photochemically or elec-

trochemically polymerizable precursors [23] or soft lithographic methods [24].

Most of the above mentioned approaches resort to the use of templates that must

be removed after the fabrication of the porous films. These templates are, in

general, difficult to prepare or they are rather hard to be removed. This chapter

is devoted to an alternative approach, i.e., the breath figures (BF) templating

method [5, 25–29].

The breath figures technique is one of the most widely employed methods for the

fabrication of organized porous polymer films [30, 31] and, as further depicted in

detail, in this approach the template consists of an ordered array of water droplets

that can be removed by simple evaporation. Indeed, the simultaneous evaporation

of a volatile solvent and condensation of water vapor in combination with

thermocapillary effects and Marangoni convection allow the formation and precise

organization of water droplets at the polymer solution–air interface [30]. This array

of water droplets will evaporate upon complete evaporation of the solvent of the

polymeric solution, and the surface will reflect its presence in the form of pores.

Several significant advantages justify its extensive use. First, as mentioned

above, the self-removal of the template favors a reduction on the production time

and costs. Second, BF allows the employment of a large variety of materials

ranging from polymers to hybrid nanocomposites thus leading to porous films

with diverse properties. Finally, as will be analyzed throughout this chapter, the

external parameters (temperature, air humidity, . . .) and those related with

the preparation procedure (solvent, polymer concentration, polymer features, . . .)
are directly related to the pore dimensions and shape obtained. Thus, by controlling

these parameters the pore sizes can be easily manipulated.

10.1.1 Few Insights on the Breath Figures Mechanism

Water vapor condensation is a well-known phenomenon that leads to the formation

of water droplets on solid surfaces. Pioneer works in this area focused on the study

of the order that can be obtained by assembling water droplets on surfaces. This

phenomenon was termed “breath figures” remembering their formation mechanism,

i.e., breathing on cold surfaces [32–36]. Thus, breath figures are formed when a

cold surface is brought in contact with moist air. Depending on the surface

wettability we can find two situations. In a first situation, the condensed water

vapor can wet the surface thus producing a thin layer. The second and most

interesting case concerns the situation in which the surface is not wetted by the

condensed vapor. In this case, moisture condenses on the cold surface forming

water droplets that grow during the evaporation giving rise to distinct water droplet

arrangements on the surface.
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A particular case of breath figures formation concerns the use of polymeric

solutions as cold surfaces that can produce highly ordered and functional porous

materials. Thus, this approach to produce porous films is recognized as breath
figures templating method.

The use of polymer solutions was first described by Francois et al. in 1994 that

described how water droplets formed by condensation on top of an evaporating

polymer solution can generate an imprint on polymer surfaces [31]. As a result of

these exciting findings, this field received a new impulse, and it is during the last

decade the breath figures mechanism has been extensively studied [25, 26, 29, 30,

37, 38]. The BF formation mechanism has been widely studied using solid

and liquid surfaces [31, 39–44] and literature is today available concerning aspects

such as droplet nucleation and growth [39, 42–47] or coalescence [39, 48–53].

On the contrary, far more limited literature can be found devoted to understanding

the patterning formation using breath figures from polymer solutions [54–59].

According to the generally admitted mechanism, the formation of the breath

figures pattern comprises several steps as depicted in Fig. 10.1 [41, 60]: in the initial

stage (A), the endothermic evaporation of the solvent resulted in a decrease of the

solvent temperature, thus triggering the water condensation. In the following stages

the rising of temperature compensates the decrease of temperature of the initial

stage [59]. Then, an initial heterogeneous nucleation of the water droplets formed

on the surface and the growth of the isolated droplets occurs (B). Nucleation

involves the formation of small liquid drops which are thermodynamically stable,

and therefore, do not evaporate. During this period, the surface coverage, ε2, which
is related to the ratio of droplet area to substrate area, is rather low. Once a droplet

of water has nucleated on the substrate, it grows at the expense of the vapor of the

Fig. 10.1 Evolution of the water condensation during the evaporation of a polymer solution:

breath figures formation following the mechanism of Srinivasarao and coworkers. This figure

includes the formation of rather disordered structures (E), honeycomb structured films (F),
and multilayers of pores (H ). Reproduced with permission from ref. [27]
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surrounding atmosphere. After the film returns to ambient temperature, the con-

densed water and residual solvent evaporate, leaving behind the honeycomb

(HC) structure. It is important to consider that when both, the solvent vapor pressure

and the air velocity across the surface are high, the surface cooling is more rapidly

produced. In the intermediate stage, provided that the evaporation time was enough

to induce growth of the water droplets and produce a complete coverage of the

surface, a hexagonal closed packed array (C) can be obtained. Too short evapora-

tion times will result in pores with a random distribution at the surface.

At this stage different situations can be found. In the case that solvent evaporation

finishes before the coalescence begins, the film is formed by a monolayer of ordered

pores with similar sizes (F). If the precipitating polymer employed stabilizes the

condensed water droplets preventing the coagulation and there is still solvent

available to be evaporated, the first layer of condensed droplets can sink into the

solution (G). Besides, the density of the solvent used, if is more (i.e., carbon disulfide

(CS2)) or less (i.e., benzene, toluene) dense than water, can be also a key point on

the development of monolayer or multilayered structures. As a consequence, the

surface covered now with solvent can condense a new layer of water droplets.

The result of this repetitive process is the formation of multilayers of pores (H).

Several models have been proposed in order to explain how droplets can be

so close without coalescence. The models described resort to two different effects,

i.e., thermocapillary effects and Marangoni convection. According to Srinivasarao

and coworkers [30] coalescence is prevented by means of these two simultaneously

occurring effects as follows: on the one hand, a thermocapillary effect which is a

temperature-induced-gradient that drives the motion of the water droplets into

the polymer solution. On the other hand, the Marangoni convection prevents

coagulation between two different droplets (mechanism followed in Fig. 10.1).

Alternatively, Fig. 10.2 illustrates the mechanism proposed by Shimomura

et al. [60]. According to this group thermocapillary and Marangoni forces drives

the movement of the water droplets inside of the polymeric solution. As a result and

due to the drying process occurring from the edge to the center of the polymer

solution, the thermocapillary and Marangoni forces submerged the droplets and

Water condensation

Solvent
evaporation

Film
formation

Convection Water droplet

Fig. 10.2 Mechanism of BF formation according to Shimomura and coworkers [60]
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direct the formation of hexagonal ordered porous surfaces [60]. Finally, accepting

the two effects Francois et al. [31] evidenced that the use of polymers can

prevent the coagulation to occur through the instant precipitation of a polymer

layer around the water droplet.

If solvent evaporation proceeds and the polymer does not achieve the stabili-

zation of the droplets, two drops can become in contact at their perimeter and

interact by fusion or coalescence. After coalescence, a new drop is formed whose

volume is the sum of the volumes of the initial drops. The formation of a new

single drop is favorable in terms of energy since the surface energy is lowered by

coalescence (D). As a result of the coalescence process and after evaporation of

both the water droplets and the solvent employed, a disordered array of pores is

formed (E).

10.2 Experimental Parameters to Induce Topographical
Modifications Using the Breath Figures Approach

10.2.1 General Strategies: to Fabricate Porous Films by BFs

Several approaches have been developed to fabricate honeycomb porous films [61]

(see Fig. 10.3). The most extended approach involves a casting process of polymer

solution droplet on a solid support controlling the relative humidity of the chamber (i).

In general, at least relative humidity (RH) higher than 50 % is necessary to induce the

water condensation and produce highly ordered structures.

However it is alternatively allowed the preparation of porous films under dry

conditions by introducing water directly into polymer solution by creation of

homogeneous emulsions [62]. It is also reported the addition of certain amount of

water in THF solution, a water miscible solvent [63].

Subsequent modifications of this basic technique, while maintaining the static

conditions were introduced in order to enhance the order or tune the morphological

characteristics of the structure. Among them, the control of the solution temperature

by using a cold stage allows additional control over the condensation rate of water

droplets and the evaporation of the solvent [28]. Indeed, a decrease of the temper-

ature entails an increase in the condensation and therefore in the viscosity of the

solution, lowering the solvent evaporation rate and improving the formation of

highly ordered honeycomb structures [64, 65].

The spin coating method (ii) allows the preparation of films with uniform

thickness and lower roughness [66–70]. Its use in combination with breath figures

results in fabrication of large uniform areas of porous structures. In order to provide

high humidity environment during the coating process, beakers containing hot

water or an appropriate aqueous solution of a salt can be placed inside the spin-

coater chamber [71]. In general, high spinning rates provide more regular porous

structures whereas at low rotating speed the evaporation rate is lower and, thus, the

10 Breath Figures: Fabrication of Honeycomb Porous Films Induced. . . 223



probability to observe coalescence is higher [71]. Moreover, the pore size decreases

with increasing spinning rate because the faster evaporation entails low time

for water droplet growth although the nucleation of water droplets was favored.

The use of spin-coating normally conducts to less ordered patterns as compared

with drop-casting combined with airflow techniques and as a result of the rotation

the shape of the pores obtained by this method is sometimes elongated rather

than spherical.

Apart from the direct solvent evaporation using static conditions, several groups

regulated the evaporation process by using a humid continuous airflow directed

to the solution surface. The employment of airflow (iii) increases the solvent

evaporation and improves the temperature gradient between the surface and the

bulk. As a consequence, the airflow promotes convection in the solution and

influences the arrangement of water droplets. Several variables need to be con-

trolled including the flow speed or the humidity [72–75]. Moreover, the distance

and the angle between the surface and the air current is also an additional key

parameter to control the pore characteristics and optimize the quality of the film.

As an example, low airflow rate allows water droplets to grow for longer time

Polymer
Solution

(i) Solvent
Casting

(v) On-water
surface
spreading

(ii) Spin-coating

(iv) Dip-coating

(iii) Air-flow
tecnique

Fig. 10.3 Approaches available for the preparation of honeycomb-structured porous films

via: (i) solvent casting; (ii) spin-coating; (iii) dynamic airflow technique; (iv) dip-coating, and

(v) on-water surface spreading. Reprinted with permission from ref. [27]
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giving place to larger pores. On the other hand, an excessive airflow causes too

fast evaporation and prevents water droplets both to grow and to organize into a

regular array.

Dip-coating is also an alternative methodology successfully employed to

prepare regular arrays of micrometer pores [76, 77]. As depicted in (iv), in this

case, due to the vertical position of the glass slide and the liquid surface, the

mechanism is slightly different. For instance, the sinking of the droplets may

not be due to a gravity process and it is more probable that the droplets touch

the surface, and interfacial forces control the movement of the droplets and the

polymer solution.

Finally, whereas the honeycomb structures have been mainly obtained on solid

supports (glass and silicon wafers) there are few studies devoted to the preparation

of porous films on liquid interfaces resulting in the formation of self-supporting

films (v). As an example, Nishikawa et al. reported the preparation of honeycomb

films at the air–water interface [61, 78, 79]. The volume of cast solution

and the temperature of the water bath allowed them to control the parameters of

the microstructure including pore size of the mesh and film thickness. This

approach, called “on-water spreading” method, has been also employed by other

groups [80, 81].

10.2.2 Role of the Experimental Conditions and Polymers
Employed to Control the Features of the Ordered
Pattern of Pores

10.2.2.1 Pore Dimensions and Morphology

The patterning of porous polymer films by the breath figure approach involves two

liquid phases in a dynamic process and the features of the solvents are a key point of

the process to control the quality of the pore ordering. The film formation is driven

by a rapid solvent evaporation while the droplet stabilization is promoted by the

polymer precipitation at the liquid–liquid interface preventing their coalescence

[82]. The arrangement of the droplets into the thermodynamically preferred porous

hexagonal pattern is favored by the use of a volatile organic solvent fulfilling the

following criteria: high vapor pressure, low boiling point, low solubility in water and

preferentially higher density than water. The features of different organic solvents

gathered in Table 10.1 show that carbon disulfide and chloroform fulfill the four

criteria. These solvents are indeed the most widely used solvents for breath figure

process [25–27, 29, 83].

In the early work of François and coworkers, water was used for the fabrication

of the pores in honeycomb-structured porous polystyrene films, the pores being the

replica of the organized pattern of condensed water droplets [31]. Water is still the

most efficient and widely used solvent for breath figure process as it is environ-

mentally friendly and easy to process as static humid atmosphere or dynamic humid
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airflow. Moreover, water is favorably condensed at the surface of the organic

solvent as the endothermic evaporation process induces surface cooling. Indeed,

the evolution of the solution temperature was explored during solvent (carbon

disulfide) evaporation and it was shown that a noticeable temperature variation

occurred during the solvent evaporation. The first stage showed a sharp drop in

temperature down to 10 �C for the first 100 s and the second stage showed a slow

rising of temperature up to 25 �C [59]. The moist atmosphere, used either in static or

dynamic conditions, usually produces periodic structures within a pore size range of

1–20 μm [25, 27, 28]. Formation of pore patterns with smaller pores is more rarely

observed. Few examples of polymers such as poly(vinyldiphenylquinoline) [85],

fluorinated acrylic copolymer [86], p-toluenesulfonate piperidinium acid salt-

terminated polystyrene [87], polystyrene-b-poly(4-vinylpyridine) [81], or porphyrin-
core star polystyrene-b-poly(2-hydroxyethyl methacrylate) [88], showed the ability to

produce pore diameter below 1 μm under humid atmosphere. A study of Ding

et al. [89] reported the possibility to prepare porous honeycomb polymer films

using breath figure method under nonaqueous atmospheres. The nature of the vapors

clearly influenced both size and shape of pores for films prepared by casting a solution

of polystyrene-b-poly(dimethylsiloxane) (PS-b-PDMS) in carbon disulfide with a

concentration of 80 mg mL�1. An ordered array of cylindrical pores with large

section of 9.6 μm was observed with methanol vapor while the diameter decreased

to 7.0 μm for ellipsoidal pores and 4.7 μm for spheroidal pores under the ethanol and

water atmospheres, respectively (Fig. 10.4) [89].

The difference in pore shape was explained by the difference of interfacial

tension between the polymer solution and the solvent or water droplet. Indeed,

spreading water droplets over a unit area of a polymer solution can be determined

by the spreading coefficient (S) as follows: S¼ γP�(γW+ γW/P), where γP is the

surface tension of the polymer solution, γW is the surface tension of the water

droplet, and γW/P is the interfacial tension between the polymer solution and the

water droplets in this case [90]. Water has the largest surface tension compared with

the two alcohols, thus the water droplet spreading is reduced and water droplets

maintain their spherical shape [89]. On the other hand, the value of γW/P is assumed

to be very low for alcohol droplets because both methanol and ethanol are miscible

with carbon disulfide. It should be noticed that under such alcoholic vapors, the

polymer concentration should be higher than under aqueous atmosphere as no

regular patterns were formed for polymer concentrations less than 10 g L�1.

Apart from thermodynamic (interfacial/surface tensions, vapor pressures) which

plays a role in tuning the size and shape of pores in honeycomb films, the final array

of pores is also regulated by kinetics as breath figure is a dynamic process driven by

solvent evaporation and polymer precipitation. As summarized in different reviews,

the pore size are also strongly impacted by experimental parameters such as the

level of relative humidity, the volume of cast solution or the concentration of the

polymer solution [25–29, 83]. Breath figure process is actually a tradeoff between

the fast solvent evaporation required to promote surface cooling inducing water

droplet condensation, arrangement and absence of droplet coalescence by

thermocapillary effects, and the sufficient time allowing water droplet growth and
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arrangement. The time of the overall rapid process is only few minutes. Breath

figures generally do not form in an atmosphere that has less than 40–50 % relative

humidity. For an established polymer/solvent system, increasing the level of relative

humidity in the range of 40–90 % induces an increase of the pore size [25, 27–29,

91–97]. Under dynamic conditions, the humid airflow rate and the distance between

airflow and surface both influence the rate of solvent evaporation and the droplet

condensation [65, 72–75]. A slow solvent evaporation allows water droplets to grow

on the surface producing large pores while a too fast solvent evaporation limits the

water droplet growth and the pore organization via the Bénard–Marangoni convec-

tion arising in a solution presenting a thermal gradient. The solvent evaporation time

is also dependent of the volume of polymer solution cast onto the substrate. A higher

Fig. 10.4 SEM images of PS-b-PDMS/CS2 films prepared under different solvent vapors: meth-

anol (a, b), ethanol (c, d), and water (e, f). The right column corresponds to the HC film after

peeling the top layer (from ref. [89])
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casting volume reduces the evaporation time and provokes an increase of the

average pore diameter [98, 99]. Likewise, the faster solvent evaporation occurring

from the edge of the honeycomb film to the center induced the presence of smaller

pores at the edge of the film [86, 100]. The polymer concentration also plays an

important role on the control of pore size. As reported by several studies, for a given

polymer/solvent system, the increase of the concentration of polymer solution

systematically led to lower pore diameter [93, 97, 98, 101–108]. For higher polymer

concentration, the precipitation of the thin polymer layer at the interface of polymer

solution and water droplet occurs in earlier stage, hence limiting droplet growth.

Finally, another way to tune the pore shape is to apply directional mechanical

forces such as shrinking [109] or stretching [73] to viscoelastic honeycomb

films or to orientate the humid airflow [110]. In addition peeling-off the top

surface of honeycomb films, exhibiting an organized hexagonal pattern of spher-

ical pores, produced pincushion structures at the origin of surface hydrophobicity

[86, 111, 112].

10.2.2.2 Pore Ordering at the Surface and in the Volume of Film

Breath figure process is a simple and robust method based on the fast endothermic

solvent evaporation upon casting a polymer solution under humid atmosphere. The

water condensation occurring on the top surface produces an ordered array of

hexagonally packed water droplets. The surface of the final polymer film is struc-

tured by a hexagonal array of pores which are structured into either mono- or three-

dimensional structure. Observation of the cross section of honeycomb films shows

that pores can be connected in the longitudinal direction [113–115] (Fig. 10.5).

The regular stacking of the water droplets on the surface and inside the polymer

solution is favored by the Bénard–Marangoni convection arising in a solution

presenting a thermal gradient [30, 116, 117]. Research teams attempted to under-

stand the parameters driving the formation of monolayer or multiple layers of pores.

A first report related the presence of pore multilayer to the lower density of the

water-immiscible solvent (toluene, benzene) in comparison with water as three-

dimensional pattern pores was assigned to successive sinking of condensed water

droplets into the polymer solution [30]. However, multilayer structures have also

Fig. 10.5 Top and side view of single layer film (near the edge) and multilayer film (in the center)
with connected pores (from ref. [115])
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been observed from solvent exhibiting a higher density than water (carbon disulfide

and chloroform) [31, 101, 106, 115, 118]. Bolognesi et al. [119] proposed a

prediction model showing that the formation of monolayer or multilayer structures

can be tuned by values of surface tensions of polymer solution and water but also by

the interfacial tension between water and the polymer solution. It is worthwhile to

remark that during solvent evaporation, the interfacial tension between water and

polymer solution continuously changes as the concentration of the polymer solution

raises. This dynamic phenomenon makes the model difficult to systematically

predict the final structure. For instance, a comparison between the theoretical

predictions of the model based on interfacial interactions with the experimental

data for poly(D,L-lactide) honeycomb films suggested that interfacial interaction

alone cannot explain the formation of either monolayered or multilayered porous

films [104]. In this system, when choosing solvents with interfacial tension suitable

to promote multilayer film, a single layer of pores was observed [104].

As mentioned for experimental parameters influencing the pore size, both

volume and concentration of the cast polymer solution can also modify the three-

dimensional organization of the pore array [79, 101, 102, 106]. Indeed, for a given

polymer/solvent system, low volume or concentration of polymer solution cast

under humid atmosphere led to a single layer of pores while increasing the wet

coating thickness by increasing either cast volume or polymer concentration

resulted to multiple layers of pores ordered in three dimensions [88, 101, 106]. Het-

erogeneity in a single film can be observed with a monolayer of pores at the outer

region of the film where a rapid solvent evaporation occurs while towards the center

of film, several layers of pores are present due to a slower solvent evaporation

[79, 115]. Such results confirmed that values of interfacial tensions are unlikely to

predict the number of pore layers created during the dynamic BF process.

10.2.2.3 Effect of Chemical Nature and Topology of Polymers

on Pore Ordering

Honeycomb porous films were prepared from a wide range of polymers with

different chemical structures, topologies or microstructures. However, the polymer

should fulfill some prerequisites to favor the formation of honeycomb film by

breath figures. First, the chemical composition of the polymer should be hydropho-

bic enough to promote the fast precipitation of the polymer at the organic solvent–

water interface which maintains the droplet shape. The results of literature highlight

that polymers able to self-assemble into supramolecular structures or polymers with

complex chemical topologies are more robust to form highly structured films under

variable conditions [25, 27–29]. The first study on honeycomb-patterned film

prepared by breath figure reported casting of polystyrene-b-poly(paraphenylene)
block copolymer in carbon disulfide [31]. The poly(paraphenylene) block being

insoluble in carbon disulfide, the copolymer self-assembled into aggregates to form

star-like topologies [31, 120]. Alpha-telechelic polystyrenes with limited molecular

weight (polymers also called ionomers) proved to be good candidates to prepare
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well-organized honeycomb porous films as the polar chain end induces

self-assembly of polymer chains in the organic solvent [30, 87, 106, 121]. The

later examples rely on polymer self-assembly induced by the insolubility of either

one block or a polar group in the initial diluted solution of organic solvent. The

immiscibility between two blocks of soluble hydrophobic rod–coil or coil–coil

block copolymers is also at the origin of copolymer self-assembly into

nanostructures inside the HC film [81, 101, 111, 122]. Block copolymer self-

assembly occurring simultaneously with both solvent evaporation and water con-

densation promotes the formation of highly structured hexagonal pattern of pores

showing iridescence properties [111, 122]. Other examples of honeycomb films

based on coil–coil [123, 124] or rod–coil [125–128] block copolymers were

reported without focusing on the ability of the block copolymers to self-assemble

into nanostructures. Well-organized honeycomb films were prepared from star

polymers [88, 129, 130], miktoarm star polymer [131], core cross-linked star poly-

mers [79, 95, 132, 133], comb-like polymers [134], hyperbranched polymers [98],

or dendritic copolymers [135]. Core cross-linked star polymers were synthesized by

“arm first” strategy using atom transfer radical polymerization [136–138]. Interest-

ingly, star polymers were able to produce organized porous honeycomb films by BF

method whereas none of the original linear precursors (poly(dimethylsiloxane)

PDMS, poly(ethyl acrylate), poly(methyl acrylate), poly(tert-butyl acrylate), poly

(methyl methacrylate)) with low glass transition temperature were able to form stable

ordered porous films [133]. Recently, a library of biocompatible linear–dendritic

amphiphilic copolymers based on linear hydrophilic poly(ethylene glycol) (PEG)

block and dendritic hydrophobic poly(ε-caprolactone) (PCL) were synthesized in

order to assess how the dendritic linker affects the pore formation [135]. Nevertheless,

images of the recovered porous films highlighted that these amphiphilic copolymers

can create a second smaller porosity in between the main pores (Fig. 10.6). This

phenomenon was previously described with other amphiphilic block copoly-

mers, which was ascribed to the water condensation into inverse micelles formed

in the organic solvent [139–141]. Despite the low amount of 2-hydroxyethyl

methacrylate (HEMA) hydrophilic units (<16 mol.%), the final structure of a star

(PS-b-PHEMA)4 porous film fabricated by the breath figure method was greatly

different from the four-arm star polystyrene (PS)4 [88]. The former copolymer

resulted in multilayer disordered structure exhibiting a second smaller porosity

while monolayer structured films were recovered from (PS)4 polymer [88]. In

order to investigate how the copolymer microstructure can affect the honeycomb

porosity, both block and gradient amphiphilic copolymers based on poly(2-2(20,
30, 40, 60-tetra-O-acetyl-β-D-galactosyloxy)ethyl acrylate) and polystyrene were

synthesized with a similar molar fraction of hydrophilic content [141]. It was

shown that gradient copolymers were suitable candidates to prevent the forma-

tion of the disordered second porosity observed for amphiphilic block

copolymer [141].

It was reported the use of fluorinated copolymers for the preparation of honey-

combfilms by the breath figure process in order to increase the hydrophobic character

[95, 99, 142], indeed even superhydrophobic behavior [143]. Some studies
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highlighted the influence of the fluorine content on the quality of pore ordering

[95, 142], showing for instance that the optimum pore ordering was observed

for molar content of pentafluoropropyl acrylate below 35 % in poly((1H,1H-

pentafluoropropyl acrylate)-ran-(methyl methacrylate)) star polymer films [95].

10.3 Simultaneous Functionalization and Patterning
of the Surfaces

10.3.1 Directing the Position of the Functional Groups

Besides the control of the surface topography, the breath figures approach offers the

possibility to control the chemical functionality within the patterned film directed by

the formation mechanism. The versatility of the method enables the preparation of

Fig. 10.6 Optical microscopy images of films cast from the dendritic PEG–PCL amphiphilic

copolymers. Insets: image of the contact angle taken directly after deposition of a water droplet

and the SEM micrograph of the film (from ref. [135])
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functional honeycomb films with advanced properties from a great variety of

materials. In addition, as will be described as follows, the distribution of the

functional groups within the film can be designed and specifically located in

different positions of the pattern. Thus, with an appropriate design of the polymer,

a desired functionality can be homogeneously distributed in the entire film, exclu-

sively inside the cavities, both inside/outside the pores or on the top surface

(Scheme 10.1). A variety of techniques have been employed to analyze the chemical

distribution of the surfaces, such as fluorescence microscopy [114, 140], transmis-

sion electron microscopy [75], atomic force microscopy [144], time-of-flight

secondary-ion mass spectrometry [145], X-ray photoelectron spectroscopy [146],

energy-dispersive X-ray (EDX) measurements [147] and Raman microscopy [148].

10.3.1.1 Functionality Homogeneously Distributed

The simple case is the use of single functional homopolymers that produce honey-

comb films with the functionality homogeneously distributed (Scheme 10.1a). The

first report of breath figures films was based on polystyrene [31], then others

polymeric structures have been progressively used to introduce physical properties

or more advanced characteristics to the whole film such as optical grade poly

(methyl methacrylate) [149], flexible polydimethylsiloxane [150], biocompatible

and biodegradable polycaprolactone [73], thermally stable polyimide [151], or even

conjugated polymers [152] with electronic and optical properties useful for solar

and optoelectronic devices.

Scheme 10.1 Illustration of the different approaches to control the chemical functionality in

breath figures films
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10.3.1.2 Functionality Located Inside the Cavities

In order to localize the functionality preferentially inside the cavities amphiphilic

macromolecules either end-functionalized polymers or copolymers are typically

employed in the BF process. Besides the well-known capability of the polymers

containing a low amount of polar groups to form honeycomb films much easier than

nonpolar polymers, they self-assemble in organic solvent and the hydrophilic moi-

eties tend to segregate at the water–solution interface. More precisely, the conden-

sation of water droplets during the BF progress implies the reorientation of the

polymers allowing the interaction of the polar groups and the water droplets. There-

fore, at the end of the process pores are enriched in polar groups (Scheme 10.1b). As

commented, the simplest amphiphilic structures used in this processes are linear

polymers, mainly polystyrene, with polar end-groups usually synthetized by living

polymerization techniques. For instance polystyrene with p-toluenesulfonate
piperidinium acid salt end groups [87], hydroxyl-terminated, carboxy-terminated

[30, 106] and also PS with a polar head of glucose [153] have been successfully

employed to form porous filmswith functional groups preferentially inside the holes.

Nevertheless, amphiphilic copolymers are the materials mostly used to create hon-

eycomb films with this particular chemical distribution. This is because of their

enhanced capability to self-assemble in solution and also their higher content of

functional groups per macromolecule. A large variety of functional amphiphilic

copolymers have been used in the BF process in order to direct the functionality

toward the holes, from linear statistical and block copolymers to star, graft copoly-

mers or comb-like structures [98, 140, 154]. Of all, amphiphilic glycopolymers have

received a particular interest because they provide honeycomb structured films with

bioactive sites for protein patterning [141, 155]. The preferential functionality of the

structures and their biological activity are usually tested by the study of the specific

recognition to fluorescent-labeled lectins.

In spite of this favored distribution of the polar moieties within the pores when

amphiphilic polymers are used, these polar functional groups are also located in the

rest of the film. Alternatively, the use of blends allows the specific distribution of

the different components within or out of the holes (Scheme 10.1c). The condensed

water droplets direct the phase separation of the blend components during the BF

process, conducting the more hydrophilic component exclusively toward the holes.

Russell et al. reported the first work of BF using blends [75]. They created

honeycomb films with pores decorated with tri-n-octylphosphine oxide-stabilized

CdSe nanoparticles that were able to segregate to water–polymer solution interface.

Afterward, other blends based not only on polymer/inorganic compounds [156,

157] but also in all polymeric blends were employed. In the latter case, typically a

small amount of amphiphilic copolymer bearing specific functional groups is mixed

with a hydrophobic polymer matrix as major component [114, 144, 158]. This

strategy also offers a great versatility of functional groups due to the small amount

that is required to functionalize the interior of the cavities. A particular case is the

use of water soluble amphiphilic copolymer as minor component of the blend. The

copolymer can migrate inside the condensed water droplet and a coffee-stain
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phenomenon could takes place during the water droplet evaporation, conducting to

a ring-like deposition on the top edge of the cavities (Scheme 10.1d) [96, 159].

Equally, blends of incompatible homopolymers, usually hydrophilic/hydropho-

bic, can be microstructured into honeycomb arrays by combining the BF process

and phase separation. Cui et al. have worked on blends of PS and poly

(2-vinylpyridine) (P2VP) that lead to ordered holes enriched in the more hydro-

philic P2VP polymer [160].

As described above, the functionalization of the pores with polar moieties as a

consequence of self-assembly process during the BF formation is a very straight-

forward and rapid strategy to control the chemical distribution of these surfaces.

However, this is limited to polymers or amphiphilic structures which are compat-

ible with the breath figure formation. Alternatively, the porous films can be

functionalized by post-modification reactions giving the possibility to introduce a

wide range of functionalities into the pores. Taking the advantage of the in-situ

functionalization, BF patterns can be obtained from materials containing ligands

[75], reactive groups [161] or initiator sites [162] located within in the cavities for

further chemical reactions or polymerization step.

10.3.1.3 Functionality Located Outside the Cavities

or at the Entire Surface

In contrast, the exclusive functionalization of the surfaces outside the cavities is not

as direct and obvious as previous strategies described above. All the reported

approaches involve a post-modification step and make use of the particular wetta-

bility behavior of the honeycomb film. Two different situations can occur: (a) when

a droplet of a liquid with the reagents is placed on the porous surface and it is able to

wet the whole surface, penetrating inside the pores of the surface (Wenzel model

[163]), simultaneous modification of the interior of pores and external surface can

be obtained (Scheme 10.1e); (b) on the other hand, if the droplets cannot penetrate

in the cavities because of the air bubbles entrapped (Cassie–Baxter model [164])

only the external surface is modified (Scheme 10.1f). Wan et al. [165, 166] prepared

films from polystyrene-b-poly(N,N-dimethylaminoethyl methacrylate) amphiphilic

copolymers which were further modified by electrostatic interactions across the

whole surface or selectively at the external surface. However, an intermediate state

of wettability in which the holes are partially filled was observed as a consequence

of the hydrophilic character of the pores and the functionalization of the external

surface was not exclusive. To avoid the partial filling of the holes and obtain a total

Cassie-Baxter behavior, hydrophobic copolymers were used in another approach to

fabricate the honeycomb films [167]. In particular, regular porous patterns were

obtained from blends of PS and a hydrophobic block copolymer of polystyrene-b-
poly(2,3,4,5,6-pentafluorostyrene) (PS-b-P5FS) that tends to segregate to the air

interface. The wettability behavior and the presence of the fluorinated segment on

the surface allowed the chemical modification of the surface outside the pores by

the thiol-para fluorine “click” reaction based on a nucleophilic substitution reaction.
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10.3.1.4 Varies Functionalities Inside/Outside the Cavities

The use of more complex systems such as ternary blends allows the functiona-

lization of the surfaces with varies chemical functionalities. For instance a PS

matrix was mixed with two block copolymers, a hydrophobic (PS-b-P5FS) and an

amphiphilic polystyrene-b-poly[poly(ethylene glycol) methyl ether methacrylate]

(PS-b-P(PEGMA)) copolymer [96]. The chemical distribution of the resultant

surface pattern implies an enrichment of the holes in the amphiphilic copolymer

with an external surface mainly functionalized in the fluorinated copolymer with

low surface energy (Scheme 10.1g). Other ternary blends combining incompatible

copolymers and homopolymers have been reported leading to more complex

topographies and chemical distributions [148].

10.3.1.5 Overview of the Functional Building Blocks Introduced

in Honeycomb Films

Due to the simplicity of fabrication, the breath figure method has stimulated a wide

interest, and a variety of materials have been also exploited as building blocks, such

as different polymers architectures, amphiphilic polyion complex, metal and hybrid

nanoparticles. The concept of using materials of different chemical natures and

assembling them to obtain a new one that exhibits enhanced properties can be

applied to many different fields. Nevertheless, to obtain interesting properties, a

simple mixture of organic and inorganic materials is not enough, one has to

organize them in a specific way.

10.3.1.6 Nanoparticles and Others Hybrid Materials

Hybrid honeycomb polymer films can be elaborated through either a simultaneous

self-assembly of polymer and nanoparticles or by the in situ formation of hybrid

particles from precursor or by using HC film as a template.

As early as 2004, Russell et al. reported honeycomb films where the pore walls

are decorated with CdSe nanoparticles [75]. Since this first study, several other

metallic nanoparticles such as Fe2O3 [168, 169], Fe3O4 [169], ZnO [170], gold

[156, 169, 171–173], or silver [169, 171] nanoparticles and CdSe/CdS QDs [169]

have been used to create highly ordered hybrid honeycomb films. The

nanoparticles which are immiscible with the polymer matrix showed interfacial

activities driving the film formation by stabilizing the water droplets during the

BF process. The self-organized macroporous honeycomb films showed the com-

bined properties of both the NPs and the ordered inverse opal structures leading to

new photonic band gap materials [169], light-emitting device [174], or magnetic

patterned surfaces [168, 169]. The design of organic electronic devices can be

achieved by mixing organic conductive NPs as carbon nanotubes CNT [156, 175],

236 A. Mu~noz-Bonilla et al.



fullerene C60 [176] but also graphene [177]. Moreover, a study of Ji

et al. describes the possibility to tune the localization of silica NPs inside a highly

structured honeycomb film depending on the NP surface functionalization

[178]. Using the particle-assisted fabrication of honeycomb-structured hybrid

films, both hydrophilic and hydrophobic SiO2 NPs can be directed either on the

pore surface or inside the walls, respectively.

An alternative to form honeycomb-patterned films with embedded inorganic

NPs involves their in-situ preparation from inorganic precursors dispersed in a

polymer matrix. The polymer governs the honeycomb film formation with

micron-sized pores while the walls are simultaneously filled with the precursors

of NPs. Such a process has been employed to generate cadmium sulfide CdS

nanocrystals in PMMA matrix [179], Ag NPs in polyurethane (PU) where the

formation of regular pore arrays is controlled by the humidity levels, the content

of Ag NPs and polymer [157]. From TiO2 precursor located inside the condensed

water droplets which acted as “microreactors” for the TiCl4 hydrolysis, Li

et al. fabricated patterned composite film with hemispherical TiO2 microparticles

lying in the holes of a honeycomb polystyrene film [180]. Following this

approach, non-polymeric honeycomb films can be achieved by further burning

of the organic phase and thus ZnO or carbon nanotubes honeycomb were achieved

(Fig. 10.7) [181].

Polymer honeycomb films can be also used as templates to produce

micropatterned inorganic/organic structures by external deposition of NPs or

chemical vacuum deposition CVD. The selective assembly of the SiO2 NPs into

the pores is strongly impacted by the wettability and thus the Cassie–Baxter/

Wenzel transition was demonstrated as the key factor of such an approach

[182]. Cadmium tellurium quantum dots were deposited onto polystyrene honey-

comb film leading to red emitting films [183]. Recently, surface-enhanced Raman

Scattering SERS substrates were also prepared by Ag NPs adsorption onto poly

(N,N-dimethylaminoethyl methacrylate) PDMAEMA surface [184].

Fig. 10.7 (Left) SEM image of hydrothermal ZnO nanorod arrays grown from Zn(acct)2 honey-

comb structured pattern. (Right) SEM image of carbon nanotube arrays grown from ferrous

honeycomb structured pattern (from ref. [181])
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10.3.1.7 Stimuli-Responsive Polymers

Stimuli-responsive surfaces have received considerable attention because of their

applications, in drug and gene delivery/complexation, sensing, wettability

switching, . . . under different external stimuli such as temperature, solvent, pH,

light, or mechanical stress by changing back and forth the surface properties. The

use of stimuli-responsive block copolymers offers unique possibilities to achieve

such behavior [185–187]. Based on honeycomb films, some interesting results that

are different from those for flat films have been reported. Stenzel et al. used a

polystyrene-b-poly(N-isopropyl acrylamide) (PS-b-PNIPAM) block copolymer and

Yabu et al. a blend of PS and a copolymer containing PNIPAM, the both for the

preparation of thin dense films, honeycomb films, and the corresponding

pincushion-like films after removing the top surfaces [187, 188]. They found that

the thin dense film and pincushion-like film show obvious thermo-responsive

property whereas the honeycomb film does not. This is because the PNIPAM

block that is hydrophobic at room temperature mainly segregates at the interface

of the water–polymer solution, forming a hydrophobic top surface and hydrophilic

pores. In both cases, only the pincushion-like films show thermoresponsiveness. To

overcome this behavior, Stenzel and coworkers also fabricated thermo-responsive

honeycomb films by grafting PNIPAM from the P(S-co-HEMA) film surface where

the grafting mainly takes place in the pores [162]. Therefore, the honeycomb films

grafted with PNIPAM display switchable hydrophilic/hydrophobic characteristics

and if a copolymer of NIPAM and N-acryloyl glucosamine is grafted, it shows

selective recognition of Con A [189]. pH-sensitive honeycomb films have also been

investigated by Escalé et al. [81, 111]. They presented interesting hierarchical

surfaces obtained by direct self-assembly of block copolymers and composed of

pores at the micrometer scale and pH sensitive phase separated structures at the

nanometer scale based on PS-b-P4VP and PS-b-PAA (PAA from thermal hydroly-

sis of poly(ethoxyethyl acrylate) (PEEA)). Considering this hierarchical structure

with segregated carboxyl groups, it may provide not only a pH-responsive surface

but also a platform for functional films through site specific post-modification.

Responsive polymers surfaces can be also produced by exposure to an external

environment, as a selective solvent atmosphere or relative humidity atmosphere to turn

the topography of the surface. Han et al. described the formation of an ordered array of

holes combining the BF approach and the phase separation of polymer blends com-

posed of P2VP and PS [160]. The surface topography changes in a reversible manner

between an ordered honeycomb structure and hexagonal islands when treated with

different solvents. Munoz-Bonilla et al. described the changes on the surface topogra-

phy by changing the relative humidity of the environment [70, 144, 158].

Moreover, some investigations have dealt with the combination of the photonic

properties and the ordered porous structure for light-harvesting or emitting. In both

cases, light-sensitive honeycomb films based on semi-conductive NPs or conju-

gated polymers were used to improve the opto-electronic properties of organic thin-

film devices [126, 161, 174, 176, 190–192].
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In summary, the responsive behaviors on honeycomb film surfaces are depen-

dent on their unique structure, which makes it possible to design new smart

surfaces.

10.3.1.8 Trends for New Functional Building Blocks

If formation of macroporous honeycomb structures using polymers, nanocomposites,

and hybrids have been described, only few examples of honeycomb films based on

new building blocks introduced via the different methods described above have been

recently achieved as functional materials. Indeed, functional honeycomb film

with self-assembled Horseradish peroxidase (HRP) enzyme nanogels at the pore

walls for biocatalysis can be mentioned for clinical diagnostic kits and for

immunoassays [193].

Kim and coworkers reported the application of breath figure method to a small

photo-responsive molecule, i.e., a organogelator self-assembled into supramolecu-

lar fibrillar networks and further ordered in a hierarchically honeycomb structure

[194]. Recently, a new organogelator was synthesized and large-scale ordered

honeycomb patterns were also observed [195]. Moreover, Babu et al. also reported

the formation of hierarchical macroporous structures from an amino acid linked

p-conjugated organogelator [196].

We can also mention the use of bio-sourced building blocks based on cellulose

or dextran. Kadla et al. described value-added materials from naturally abundant

polymers for system that may serve as a platform for the design and development of

biosensors [197]. A hierarchically structured honeycomb film from dextran-b-PS
amphiphilic linear diblock copolymers has also been described by Chen et al. leading

to ordered porous bio-hybrid films. [198] Honeycomb patterned surfaces

functionalized with biomolecules for specific recognition of proteins or bacteria

have been also achieved either by self-assembly of amphiphilic copolymers based

on galactose moieties [155] or by post-modification with peptide sequences [199].

10.4 Complex Porous Surface Patterns: Ordered
Multiscale Structures

Multiscale structuration of polymeric materials is challenging to provide a wide range

of properties. For instance, iridescence phenomenon is created by a periodic structure

of pores (or particles) organized at the micron-scale interacting with sunlight wave-

length. Functionality can be introduced by nanoscopic domains. Self-assembly of

block copolymers, two chemically dissimilar polymers joined together, leads to phase

separation at the nanometer scale as the covalent linkage between blocks restricts the

phase separation to the length scale of each block [200, 201]. Diblock copolymers are

able to produce fourmainmorphologies (BCC spheres, hexagonally packed cylinders,
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gyroid and lamellae) at the equilibrium ordered state. For sufficiently high

Flory–Huggins parameter values and degree of polymerization, the different mor-

phologies depend on the volume fraction of each block [201]. This spontaneous

thermodynamic nanophase segregation proved to be a straightforward method to

hierarchically structure porous films [81, 101, 111, 122, 144]. Indeed, self-assembly

of suitable rod–coil [101], or coil–coil diblock copolymers [81, 111, 122] occurring

simultaneously to BF process, offers the possibility to create nanodomains in the walls

and on the surface of honeycomb-structured films (see Fig. 10.8). The hydrophobic

polystyrene block is required to favor the honeycomb film formation via BF process

while the other chemically different block provides additional properties to the

hierarchically structured film via the intrinsic properties of the mesophase (adhesive

properties of poly(n-butyl acrylate and pH-responsive properties of poly

(4-vinylpyridine) or poly(acrylic acid)) [81, 111, 122]. The organized pattern of

pores is observed at the micron-length scale either by optical microscopy or by atomic

force microscopy. The presence of a sub-structuration of diblock copolymer was

demonstrated by different techniques probing the interfaces at the nanometer scale:

small angle neutron scattering (SANS) of a stack of honeycomb films providing the

average distance of the nanodomains [81, 111, 122], transmission electronmicroscopy

of a perpendicularly cross-sectioned film showing the nanostructuration inside de film

[101] and atomic force microscopy to probe the nanostructure morphology at the film

surface [81, 111, 122] or in the bottom of pores [144].

Apart from the use of block copolymers providing nanoscale features other

methodologies alone or in combination can provide hierarchically structured pat-

terns. For instance taking advantage of the template assisted structuration, demixing

of polymer blend solutions on structured substrates can also be employed to create

multiscale ordered surfaces. Boneberg et al. [202] employed this approach and

blended two components, PVP and PS, already known to form ordered porous

films during phase separation [203]. The authors used a micrometer patterned

Fig. 10.8 Example of hierarchical structuration in polystyrene-b-poly(ethoxy ethyl acrylate)

diblock copolymer honeycomb film (AFM topography images). Left: hexagonal-pattern of pore;

Middle: zoom of honeycomb film showing diblock copolymer structuration into nanodomains;

Right: SANS curves measured on the deprotected HC film soaked to D2O (from ref. [111])
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(hydrophilic/hydrophobic areas) substrate and they prepared the films under a high

relative humidity (~50 % R.H.) that favor both the water vapor condensation and

simultaneously improves the demixing of the components [204]. As a result

depending on their affinity for the substrate patterns, PVP and PS are distributed in

specific areas. In addition, water condensation occurs both in PVP and PS domains

producing pores with an average size below 30 nm. As a result of these two processes

and, eventually after selective removal of PVP, the surface reveals a polymer pattern

formed by alternating micrometer size layers of polymer with nanopores.

Films formed from blends can also produce hierarchical ordered materials.

Raczkowska et al. [66] prepared films from blends of polar PMMA and nonpolar

PS. Spin-coating of the blends under an appropriate relative humidity produced

macrophase separated domains and simultaneously droplet-like patterns selectively

in the domains rich in the polar polymer. Submicrometer pores decorated large

PMMA-rich surface regions thus resulting in hierarchical film morphology.

Hierarchical structures in the micrometer and/or submicrometer scale from

blends can also be prepared by combination of the BF and a different patterning

technique, in general, lithographic techniques. For instance, Ge and Lu [205]

prepared multiscale structured films by combining the breath figures formation

with embossing techniques (Fig. 10.9). More precisely the authors prepared porous

Fig. 10.9 Formation of multiscale structures by combination of the breath figures approach and

embossing techniques. The immiscibility between both homopolymers added (PS and PVP) due to

the different hydrophilicity produces hierarchical ordered patterns where the PVP is located inside

the pore and the PS at the pore wall. In addition, embossing produces an additional level of order at

the micrometer length-scale as well as replicas. Reproduced with permission from ref. [205]
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surfaces from PS/PVP blend in which the pores are filled at the bottom with the

hydrophilic homopolymer. Due to its hydrophobicity, PS forms the wall of the

pores while the hygroscopic PVP and the hydrophilic polymer enrich the water

droplet–polymer solution interface. Thus, upon solvent evaporation the PVP is

deposited within the pore. Using this porous structure, the hierarchical structures

with well-defined multi-scale features were obtained upon embossing the films

using a PDMS stamp. In addition, these porous structures can be employed as

template to prepare microstructures of negative PDMS replicas.

Similarly, two levels of order were obtained by Connal et al. combining the

breath figures approach with photolithographic cross-linking strategies [206]. The

authors employed a cross-linked star (CCS) based on poly(methyl acrylate) mod-

ified at the chain ends with 9-anthracene carbonyl chloride. This polymer was cast

under flow of humid air forming porous, microstructured films. The 9-anthracene

groups introduce the ability to reversibly cross-link the microstructured film when

irradiated with long wave UV (>350 nm) and the reaction can be reversed upon

exposure to short-wave UV light (<300 nm). Hence, in addition to the structural

micrometer size pores, larger scale (several hundreds of microns) surface patterns

due to the mask employed (TEM grids) were obtained.

The use of TEM grids offers additional possibilities since they can be employed

to induce surface features in nonplanar surfaces. In this sense, Connal and Qiao

[132] prepared core CCS polymers and used them for the preparation of

macroporous materials with two levels of ordered surface features by casting the

star PDMS solution onto the TEM grid [206]. The first level of ordered surface

features is originated from the contours of the TEM grid while the second level is

obtained by the condensation of water vapor. The concept was later extended to

other types of substrates thus giving a variety of porous surfaces with doughnut,

golf balls and hollow porous pockets shapes [150].

Whereas the polymers employed by Qiao et al. [133, 206] concerned only star

polymers with low Tg (below 48 �C), Li and coworkers [207] studied the construc-

tion of macroporous polymeric films on various nonplanar substrates with static

breath figures technique, using linear polymers with high Tg. For this purpose, two
kinds of linear polymers with high Tg, polystyrene-b-poly(acrylic acid) and poly-

styrene without polar end groups, were employed to prepare three-dimensional

macroporous films on different nonplanar substrates.

Other examples of nonplanar hierarchically structured porous films are for

instance the preparation of membranes for advanced filtration (also known as

microsieves) composed by a hierarchical pore structure [208] or the construction

of hierarchical structures by combination of electrospinning or electrospraying and

breath figures [209–211].

Finally, nanoscale features can be also obtained by using nanoparticles. For

instance, hierarchical hybrid nanoparticle-polymer porous assemblies have been

obtained by self-assembly of nanoparticles at the polymer solution–water droplet

interface. The first example was reported by Russell et al. [75] who prepared

honeycomb structured interfaces by casting a chloroform solution of PS using

TOPO-stabilized CdSe nanoparticles. As a result of the breath figures mechanism,
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the TOPO-CdSe nanoparticles segregated to the pore interface and form a uniform

layer in the inner part of the pore that will be stabilized upon complete evaporation

of both water droplet and solvent. Apart from CdSe nanoparticles, other groups

employed alternative metals. This is the case of Hao’s group [147, 171] who

described how gold nanoparticles accumulate at the water–chloroform interface

or metal oxide nanoparticles such as ZnO or SiO2 previously modified by surface

initiated polymerizations [170]. The inorganic particles require an organic coating,

mostly a polymer layer, to be stable in solution.. Thus, the pore sizes of the films can

be tuned depending on the polymer attached to the nanoparticles.

10.5 Applications

Porous materials prepared by the BF approach have shown great potential for

application in many fields. Among all, this section is limited only to some of the

most promising areas.

10.5.1 Superhydrophobic Surfaces

Superhydrophobic surfaces with contact angles greater than 150� have found

applications as self-cleaning surface, to prevent oxidation or even snow sticking.

In general, a combination of highly hydrophobic chemical functionality and rough

structure is necessary to obtain such a surface. The breath figures method is a very

simple approach to combine both requisites that allows the use of a wide variety of

hydrophobic polymer and creates surface with high porosity. Besides, this versatile

technique offers additional possibilities to introduce further roughness, for instance

in the preparation of hierarchical surfaces as described in previous sections.

Superhydrophobic films have been obtained from porous surfaces made of fluori-

nated polymer [143] or waxy-dendron-grafted polymers [212] by peeling off the top

layer. The resultant pincushion structures exhibit very high contact angles. Decreas-

ing the pore size is another strategy that leads to superhydrophobic surfaces [86]. High

water contact angle values have been also obtained from a polybutadiene film by CF4
plasma-chemical fluorination that cross-links the polymer introducing an additional

texturing at the surface [213].

10.5.2 Templating

This technique is also suitable for templating and microfabrication and offers new

prospects in the fields of soft lithography and micropatterning. As an advantage the

polymeric templates can be easily removed by solution or pyrolysis. Various metals

10 Breath Figures: Fabrication of Honeycomb Porous Films Induced. . . 243



[214, 215], carbon nanotubes [216], SiO2, TiO2, and CdS [217], etc. have been

already microstructured. Besides, these honeycomb films obtained via BF can be

used as template to construct pillars or inverse pores of PDMS by replica

molding [119].

10.5.3 Biomaterials

Moreover, the BF technique is very attractive to develop cell culture scaffolds with

a great interest in biomedical applications including tissue engineering and diag-

nosis. In general scaffolds should present high porosity as requirement in addition

to other properties such as biocompatibility, biodegradability or mechanical prop-

erties. The depth, the pore size and the pore density are factors that strongly

influence the attachment of cells to solid substrate, and these parameters can be

modulated using the breath figures approach. A wide variety of polymers can be

successfully used such as poly(L-lactic acid) [78] or poly(ε-caprolactone)
[218]. Bacterial cells have been micropatterned by a selective modification of the

pore in polystyrene film using appropriate polypeptide sequences. The design of the

pore sizes allowed the immobilization of single bacteria with similar dimensions at

the inner pore interface [199].

10.5.4 Filtration and Separation Processes

Microporous membranes are often used in many processes to remove impurities or

contaminants through size-selective filtration. The breath figures method also finds

application in this field, specially the approaches that facilitate the easy transfer to

other supports. Another prerequisite is the formation of through pores that penetrate

from the top of the layer to the bottom and the use of ice support favors this fact. For

example, highly uniform membranes of PS-b-PDMAEMA have been prepared with

pores on the micrometer scale for size-selective separation. The films were prepared

by casting at an air–ice interface and easily transferred onto other supports

[219]. Miktoarm star copolymers with proper water wettability and mechanical

stability have been used to fabricate separation membranes also using ice substrate

[131]. Moreover, the breath figures approach has been employed to build polymer

membranes on structured substrates in order to obtain hierarchically structured

microsieves [208].
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10.5.5 Surface Enhanced Raman Scattering
(SERS) Substrates

Nowadays SERS is a very attractive spectroscopic technique able to detect trace-

level substances including contaminants, biomolecules and other chemical

analytes. Periodically arranged metallic nano/microstructures, especially gold and

silver nanoparticles, have proven to be good candidates for SERS substrates. Breath

figures technique offers the possibility to simply prepare microstructured surfaces

with metal nanoparticles. Combining the BF and vapor deposition processes, silver

spikes arrays with triangular sharp have been fabricated showing strong enhanced

Raman scattering of rhodamine 6G [220]. Other strategies involve the electrode-

position of gold nanoparticles [221] or the incorporation of the nanoparticles in the

polymeric solution [173]. Recently, SERS substrates have been created by in situ

generation and immobilization of Ag NPs nanoparticles at the surface of honey-

comb films based on PDMAEMA [184].

10.5.6 Optical Materials

BF technique permits the fabrication of three dimensional ordered porous struc-

tured with a wide range of pore size, thus the obtained materials can operate as

“inverse opals” at infrared, visible, ultraviolet, and even soft X-ray wavelengths.

Many optical uses have been proposed for these materials, based on the optical

interferences of the light with the periodic structures, for example as antireflective

coatings at near-infrared wavelength [67]. The use of polymers with special optical

properties opens more the field of application. Honeycomb films were obtained

from light-emitting poly(distyryldimethylbenzene-co-triethyleneglycol) rod–coil

copolymer. The introduction of microstructure enhances photocurrent generation

as compared to flat surfaces as a result of the improvement of the light-harvesting

efficiency and also the charge separation and charge transfer [126]. Another

reported example is the utilization of small molecule tetraphenylethene derivatives

for the fabrication of highly emissive BF film, as a consequence of an aggregation-

induced emission phenomenon [190].
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Chapter 11

Spontaneous Structuration of Hydrophobic
Polymer Surfaces in Contact with Salt
Solutions

Igor Siretanu, Hassan Saadaoui, Jean-Paul Chapel, and Carlos Drummond

It has been described in previous chapters how spontaneous instabilities related to

interfacial phenomena can be used to produce controlled patterns on polymer

surfaces. Strategies of polymer patterning assisted by dewetting or water drop

condensation were described. In this chapter we present a waterborne process

based on the interaction between ions in water and hydrophobic polymer surfaces,

modulated by the gases dissolved in the aqueous phase. We show how by control-

ling this interaction the polymer surface can be conveniently modified. In the first

section of the chapter we describe some aspects of the interface between water and

a hydrophobic surface. We then describe how the composition of the aqueous phase

can have important consequences on the morphology of the hydrophobic surface,

and then illustrate how this process can be conveniently used to modify the

morphology of a hydrophobic polymer in a controlled manner.

11.1 Water-Hydrophobic Interfaces, WHI: A Deceptively
Simple System

The interface between water and hydrophobic surfaces plays a central role in a

number of important subjects. Proteins folding, self-assembly, detergency, or oil

recovery are just few examples of important problems involving the contact

between water and a hydrophobic surface. Nevertheless, a complete description
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of WHI is yet to be reached. In particular, two aspects related to the process

discussed in this chapter have been the subject of some controversy: the presence

of a layer of reduced water density near the WHI and the adsorption of ions

on them.

When water is in contact with air in standard conditions, oxygen and nitrogen are

dissolved in concentrations of 0.2 mM and 0.5 mM, respectively. There is a general

consensus that when a hydrophobic surface is in contact with water, the fluid

density is substantially reduced in the vicinity of the surface. On the contrary, the

reasons behind this depleted layer and its actual structure are still subjects of debate.

It has been reported that dissolved gases can adsorb on hydrophobic surfaces in

the form of small spherical caps (nanobubbles) [1] or flattened objects [2, 3] (micro-

pancakes; it has been argued that these are just bubbles with a large but well-defined

radius of curvature in order to satisfy Laplace’s equation [4]) or as a reduced-

density continuous interfacial layer. After they were first proposed about 20 years

ago [1], many experimental studies have reported the existence of nanobubbles on

hydrophobic surfaces. In most of them, tapping-mode atomic force microscope has

been used to image the bubbles under gentle perturbation [5]. An example of

nanobubble formation on a hydrophobic surface is presented in Fig. 11.1a. It has

been suggested that the high-frequency oscillatory motion of the AFM tip may be

responsible for nanobubble nucleation. However, other techniques (infrared

spectroscopy [6], surface plasmon resonance [7], optical interference-enhanced

reflection microscopy [8], and rapid cryofixation/freeze fracture [9]) have

reinforced the idea of their existence.

The mere existence of gaseous nanostructures (GNs) on surfaces has been the

subject of scorching debates in the literature. This is partially due to the fact that

their materialization and stability appear to be extremely sensitive to the experi-

mental conditions, as was recently shown by Seddon and coworkers [10]. However,

the existence of GN on hydrophobic surfaces is gaining consensus in the scientific

Water

γs-v

γl-v

θ γs-l

Polymer

Airh

Fig. 11.1 (a) Contact-mode AFM deflection images of PS in water. The presence of nanobubbles

is observed. Occasionally the bubbles are removed by the effect of the tip; only a portion of the

nanobubble appears in the image (white arrows). (b) Schematic representation of a nanobubble in

a water/polymer interface. The contact angle θ is determined by the equilibrium between the

horizontal forces in the triple solid–liquid–vapor contact line: liquid–vapor γl ‐ v, solid–liquid γs ‐ l,
and solid–vapor γs ‐ v interfacial tensions. The vertical component of the liquid–vapor interfacial

tension, γl ‐ v sin(θ), is equilibrated by a deformation of the substrate, as described in the text
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community, after a large number of papers have been published in that subject.

On the contrary, the reasons for their stability remain unclear. It has often been

argued that because of their small radii of curvature, the excess Laplace pressure

inside the nanobubbles (ΔP ¼ 2γ=R, where γ is the water-air interfacial tension and
R the GN radius of curvature) should lead to their immediate disappearance: the

bubbles are diffusively unstable. Even though R of the GN is larger than it may

appear from their typical nanometric size height (because of the unusually low

contact angle of the GN on hydrophobic surfaces), the excess Laplace pressure

inside the GN is of the order of few atmospheres, which leads to estimations of

lifetimes of the order of microseconds [5]. Nevertheless, it has been repeatedly

observed that adsorbed nanobubbles can be stable for as long as few days,

suggesting that they are thermodynamically stable.

Several theories have been advanced to explain this anomaly. Spurious contam-

ination has been evoked several times. As everybody recognizes, it is extremely

difficult to keep water and hydrophobic surfaces contamination free. Minute

amounts of surface-active contaminants could be responsible for the unexpected

stability of the GN [11]. However, the widespread presence of GN hints for more

fundamental reasons behind their stability. Dynamic stationary models based on

continuous gas flow between the bubbles and the surroundings have also been

proposed [12]. However it is unclear what would be the driving force for the

continuous gas flow. As some ions naturally adsorb on hydrophobic surfaces in

contact with water, models based on the pressure due to the presence of charges

adsorbed at the interface have also been discussed [13]. Attard recently proposed

that gas supersaturation on the aqueous phase can explain both the stability and the

anomalous contact angle, due to reduction in the water vapor interfacial tension

[4]. This model conciliates the existence of the GN with Laplace’s equation.

However, it imposes supersaturation as a sine qua non condition for the existence

of GN, which has been contested by other groups [10]. In addition, it is not clear

why a long-lasting vapor supersaturation is observed in many different experimen-

tal situations. In summary, the reasons for the stability of GN are yet to be soundly

established; for our purposes, it suffices to recognize their existence and stability.

As discussed in next chapter and mentioned in next section, this may have impor-

tant implications in the morphology of polymer surfaces in contact with water.

Another puzzling aspect of WHI is the fact that they are often electrically

charged. In the absence of dissociating groups, this can only be due to ion adsorp-

tion, even though ions should strongly partition into the aqueous phase of higher

dielectric constant [14]. Different mechanisms—entropy changes [15], ionic asym-

metry [16], ionic polarizability [17], and ionic induced decrement of water polar-

ization fluctuations [18, 19]—have been evoked to explain this fact. A satisfactory

description of a charged interface at low-salt concentrations can be achieved by

mean field theories, developed after the work of Gouy and Chapman, which is the

starting point for the celebrated Poisson-Boltzmann equation [20]. One aspect that

cannot be accounted for by this simple description is the distinct effect of particular

ions, because it only considers the ionic charge, and does not take into account the

discrete nature of ions or solvent molecules, or the possibility of correlation
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between the charges. The error introduced by considering ions as indistinct point

charges, neglecting the dispersion forces involving the ions and their disruptive

effect on the solvent, becomes unacceptable as ionic strength increases. Another

source of error that is frequently overlooked is related to the deformability of the

boundary: the walls are often considered to be unalterable and non-deformable.

This assumption is adequate for hard solid walls, but is certainly not so for soft

boundaries, e.g., charged membranes or polymer substrates. In this sense, we have

observed that smooth, hydrophobic polymer surfaces can be substantially deformed

due to the effect of adsorbing ions. We have called this phenomenon ion-induced

polymer nanostructuration, IPN [21]. We describe the IPN process in detail in the

rest of this chapter. Some examples of how this method can be used to control the

morphology of polymer surfaces are advanced in the last section.

11.2 Ionic Solutions in Contact with Hydrophobic
Polymers: Ion-Induced Polymer Nanostructuration

We discuss now how the morphology of a hydrophobic polymer can be modified by

the contact with water. For the reasons described in previous section, this transfor-

mation depends on the amount of gases dissolved and the ionic species present. The

typical size and nature of formed pattern can then be tuned if these variables are

precisely controlled. Two processes must be considered. First, the GNs have a

transforming effect, as described in next chapter. Second, the specific adsorption of

ions may induce spontaneous surface deformation.

Reducing the concentration of the gases dissolved in water may deeply affect

many interfacial properties. Despite the fact that oil and water do not mix, sponta-

neous emulsification of hydrocarbons occurs after water degassing [22–24]. Colloid

stability [25], the range of the hydrophobic interaction [26], the conductivity of salt

solutions [27], the efficiency of flotation process [28], and the slippage boundary

conditions in flowing water [29] are all affected by the amount of gas in solution.

The amount of gas dissolved has also significant consequences on the morphology

of a surface in contact with the aqueous phase. Several workers have shown how the

presence of GNs can induce surface modification. Wang and coworkers [30]

reported the formation of nanoindents in very thin films of polystyrene (<5 nm)

(PS) after few tens of minutes of exposure to water. Similar results were reported by

Mazumder and Bhushan [13] after exposing PS films (25 nm thick) to deionized

water. Janda and coworkers [31] reported the exfoliation and indentation of highly

ordered pyrolytic graphite in contact with nanobubbles. Tarábková and Janda [32]

reported a netlike nanopatterning of thin PS films (around 10 nm) in contact with

nanobubbles. A complete description of this subject is discussed in next chapter.

Even in the absence of dissolved gas, polymer surfaces may be modified in

contact with water. As advanced above, we have observed that the adsorption of

specific ions on hydrophobic polymers can induce important surface
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transformations. For this to happen, the intimate contact between the aqueous phase

and the polymer has to be favored by the removal of gases dissolved in the water.

Water degassing avoids formation of GNs, allowing the direct adsorption of ions to

the interface. As an example, when polystyrene films are put in contact with

degassed water solutions of acidic or basic pH for a few minutes, a long-lasting

nanostructuration spontaneously forms on the solid surface, as illustrated in

Fig. 11.2. This only happens in the presence of certain ions; otherwise no modifi-

cation of the polymer film is observed. The typical size of the self-assembled

patterns depends on pH, type, and concentration of dissolved salts; temperature

and amount of dissolved gas in the aqueous phase; as well as mobility of the

surface, which can be affected by the interaction with the supporting substrate.

The examples shown in Fig. 11.2 correspond to thin films of polystyrene in

contact with acidic or basic water. The surface structuration has no effect on the

wettability of the surfaces: the contact angle of water on the substrate is not changed

by the process. The morphology change is not accompanied by any chemical

modification. However, the hydrophobicity of the surface seems to determine the

outcome of the process: the structuration of the film is not observed if the polymer

surface is rendered hydrophilic (θ¼ 30�) before the water treatment by partial UV

oxidation. Two remarkable conclusions can be drawn from this interesting effect.

First, the interaction between the aqueous phase and the hydrophobic substrate is

fundamentally modified by the gases dissolved which shelter the hydrophobic

substrate from the aqueous phase. Second, there is a mobile surface layer on the

polymer which can be restructured under external stimuli, even though we are

working at temperatures largely below the glass transition temperature Tg of

PS. This indicates that macromolecular chains near the interface have properties

which deviate significantly from their bulk counterparts. Indeed, no structuration

Fig. 11.2 1 μm� 1 μm height tapping-mode AFM micrographs taken in air of 300 nm thick

250 kDa polystyrene films after exposure to a non-degassed (a) and degassed solution of nitric acid
at pH 1.5 (b) and sodium hydroxide at pH 11.3 (c) in double-distilled water and room temperature.

The presence of asperities of regular nanometric size is observed on the surface exposed to the

degassed solutions for 5 min. On the contrary, no modification was detected when an identical film

was exposed to the same solution under identical conditions (or much longer times) before

removing the dissolved gases. XPS tests showed that no chemical modification of the films has

occurred
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was observed in films of UV cross-linkable PS after UV curing, evidencing the

importance of surface mobility.

It is very revealing to explore the effect of the amount of gas dissolved on IPN.

As can be observed in Fig. 11.3, the size of the observed bumps is larger at short

times after degassing. Ten hours after degassing water has regained its equilibrium

with the atmosphere, no structuring effect is detected. On the contrary, at interme-

diate times a seemingly different structuration effect is observed: the contact with

the aqueous phase induces the formation of a regular array of shallow holes/rims

(nanoindents) in the polymer film, with a typical size of 30 nm and depth of 2 nm.

The thickness of the structured region (between 2 and 3 nm) is consistent with

recent reports of the presence of a thin mobile layer on the surface of glassy PS

films [33].

Our understanding of the fundamental reasons behind these phenomena is far

from being complete. Some preliminary and speculative ideas waiting to be
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Fig. 11.3 The amount of dissolved gas determines the nature and extent of the surface structur-

ation. 300 nm thick 250 kDa PS films were immersed during 10 min in water at pH 1.5 and then

studied by AFM in air. Before treating the surfaces, the aqueous solution was in contact with air

during different periods of time after degassing as indicated, to change the amount of gas

dissolved. (a) Shortly after degassing the preferential adsorption of ions at the water/polymer

interface is likely to be responsible for the observed self-assembled nanostructure. Increasing

amounts of gas in the solution move the ions away from the polymer surface limiting the

structuration below the bubbles (b), or the low-density layer (c). Adapted with permission

from [21]. Copyright (2011) American Chemical Society
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validated are described here. At low concentration of dissolved gas (cf. Fig. 11.3a),

the preferential adsorption of ions at the interface induces the formation of bumps.

As mentioned above, it has long being recognized that pristine water/oil interfaces

can become charged due to adsorption of ions. It is only in the presence of

adsorbing ions that IPN is observed: we believe that the observed surface structur-

ation is related to the electric field originated by their presence. As mentioned

above, the discontinuity in dielectric constant conspires against ion adsorption on

the interface [14]. However, if other forces promote ion adsorption (e.g.,

ion-dispersion forces [34], “cavity” forces, due to perturbation of the hydrogen

bond network of water [35]), subsequent reconstruction of the interface, driven by

electrostatic, can then arise to reduce the total energy of the system. Some examples

related to this phenomena can be found in the literature; membrane deformation by

interaction with ions was discussed few decades ago by Parsegian [36]; water-air

interfacial deformation in the presence of adsorbing ions has been predicted by

molecular dynamic simulations [37]. The complete description of this problem

requires integrating the viscoelastic and plastic properties of the polymer film. In

addition, the film shape and the electrostatic boundary conditions are intermingled

and cannot be treated independently: the presence of the ions distorts the shape of

the surface, changing the boundary conditions of the electrostatic problem that

determines the ionic distribution.

At large gas concentration larger bubbles or even a continuous low-density layer

is present at the water/polymer interface and no structuration effect is detected

(Fig. 11.3c). Finally, at intermediate gas concentrations a layer of nanobubbles

nucleate on the surface, which is responsible for the netlike pattern observed

(Fig. 11.3b). The formation of a similar pattern has been reported by Wang and

coworkers [30], and is certainly related to the process of nanobubble-assisted

nanostructuration described in next chapter. They suggested that the combination

of increased Laplace pressure and interfacial tension is at the origin of the

nanoindents observed. The problem of the elastic deformation of soft surfaces

due to the vertical component of the interfacial tension when a liquid drop (or a

gas bubble) is posed in the surface has been discussed in the literature. The surface

modification shown in Fig. 11.3 is long lasting, indicating an irreversible (plastic)

deformation. However, we can try to estimate the order of magnitude of the

deformation ridge h using the elastic model described by Shanahan and Carré

[38]. By equating the vertical component of the interfacial tension to the elastic

stress field on the solid surface, one obtains h � γLV � sin θ=G, where G is the shear

modulus of the solid and γLV the water-air interfacial tension (cf. Fig. 11.1b). If

G and θ for bulk polystyrene and γLV for air-water are considered, h values of the

order of 10�12 m are obtained, much smaller than the deformation observed

experimentally. The inconsistency is even more important if experimental values

of the contact angle θ typically observed for nanobubbles are considered. Several

reasons could be evoked to account for this discrepancy. The value of G of the

polymer surface is probably smaller than the bulk value. Recently, by studying the

relaxation of nanometric deformations on films of PS, Fakhraai and Forrest showed

that the mobility of polymer chains is dramatically accelerated nearby the surfaces
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with respect to the bulk [33]. Although it is still poorly understood, several

explanations have been advanced for this enhanced dynamic, related to the reduced

entanglement density, enrichment of chain ends, and increased free volume for the

polymer molecules at the surface. Another possible explanation is that water may

have a plasticizing effect on the polymer effectively reducing G. However, it is
difficult to conceive a reduction of G of three orders of magnitude, which is

necessary to account for the discrepancy observed. The effect of adsorbing ions

may also be important. As can be observed in the AFM micrographs, small bumps

are still formed in the region between or at the rim of the nanobubbles. Hence, the

observed deformation at intermediate concentrations may be related to the

transforming effect of the adsorbing ions, as in the case of complete degassing, as

illustrated in Fig. 11.3.

For the rest of this chapter we describe the IPN process: the influence of some

variables that determine the outcome of the process and how it can be used to

achieve easy polymer patterning in a single step.

11.3 IPN: Ionic Specificity

We found that the IPN process is ion specific: in the absence of adsorbing ions in the

aqueous phase no structuring effect was observed. Some examples of structuring

and non-structuring ions are presented in Fig. 11.4. In all cases, the IPN was

correlated with ion adsorption, which was indirectly determined by measuring the

electrokinetic zeta potential of PS films in contact with salt solutions. From our

studies, several general trends were recognized:

– Substantial PS structuration is observed in the presence of water ions (pH< 2.5

or pH> 10). The deformation of the hydrophobic polymer surface at different

pH values indicates a greater influence of the presence of hydroxide ions

compared with protons: for example, similar surface patterning is obtained at

pH 1.5 and 11, even though the H3O
þ½ � in the former case is much larger than the

OH�½ � in the latter. This result suggests a preferential adsorption of OH� with

respect to H3O
þ on the hydrophobic substrate. It has been reported many times

that hydrophobic interfaces and even gas bubbles are negatively charged in

contact with water at neutral or basic pH and become positively charged in

acidic solutions [39]. The origin of this charge is hotly debated. The main

disagreement comes from the fact that the majority of experiments suggest a

preferential adsorption of hydroxide ions [39], while the opposite picture has

emerged from reports of surface-sensitive spectroscopic techniques and MD

simulations [40]. Our results point in the direction of preferential OH�

adsorption.

– Degassed solutions of most inorganic electrolytes evaluated did not induce large

structuration on PS surfaces. Some examples are presented in Fig. 11.4. With

this kind of salts, the observed mild surface deformation is similar to the one
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obtained by treatment with degassed water at neutral pH. As a remarkable

exception to this rule, relatively large bumps (although at a lesser density) are

observed after treatment of PS surfaces with degassed solutions of some lithium

salts (see below).

– Degassed aqueous solutions of amphiphilic ions (e.g., sodium dodecyl sulfate,

SDS, dodecyl trimethyl ammonium bromide, DTAB) or hydrophobic ions

(e.g., halides of tetra-alkyl-ammonium quaternary, Ph4BNa or Ph4AsCl)

induce substantial deformation of the PS surfaces. The hydrophobicity of the

ion seems to have a distinctive influence on the nanostructuration. The longer

is the chain length of tetra-alkyl-ammonium iodide salts the larger is the

typical size of the induced nanostructure. Furthermore, ions with similar

molecular structure seem to induce similar nanostructuration effect, regardless

of the sign of the charge. For example, the salt Ph4BNa induces the same effect

as Ph4AsCl (Fig. 11.4), probably due to the similar effect of the tetraphenyl

ions of opposite charge.

– The observed nanostructuration is not just due to the effect of a particular ion,

but to the combined influence of the different ions present in solution. For

example, the structuration effect of tetrabutylammonium salts is different for

different counterions. The size of the bumps was larger for the case of iodide or

bromide compared with nitrate or chloride. A more marked difference is

observed for the case of lithium salts. While LiCl and LiSO4 did not induce

extensive surface structuration, substantial effect of LiI and LiBr solutions was

Fig. 11.4 AFM micrographs of 300 nm thick PS films after 5-min exposure to water or 0.03 M

degassed aqueous solutions of ammonium chloride, potassium chloride, tetramethyl ammonium

iodide, tetraphenyl arsonium chloride, Ph4AsCl, and sodium tetraphenylborate, NaPh4B
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observed. As a comparison, sodium or potassium salts with similar counterions

did not produce any noticeable surface modification.

– For salts that do not provoke extensive structuration of PS surfaces, there is no

appreciable effect of salt concentration up to 0.1 M. This indicates that the small

structuration observed in these cases is mainly determined by the small amount

of water ions present in the solutions. On the contrary, for salts with larger

structuring influence, the resulting morphology depends on salt concentration. In

general, higher concentrations result in higher surface charge density and in a

more important modification of the polymer surface. Typically, the surface

structuration was no longer enhanced for concentrations above 0.03 M.

An extensive report on ionic specificity in IPN was recently published [41].

11.4 Thermal Effects in IPN

As can be observed in Fig. 11.5, the typical size of the self-assembled pattern is

strongly modified by the temperature during treatment. We can distinguish two

different scenarios. At low temperature (T< 30 �C) a monomodal bump size

Fig. 11.5 1 μm� 1 μm height tapping-mode AFM micrographs taken in air of 300 nm thick

250 kDa PS films after exposure to degassed solutions of nitric acid in double-distilled water at

pH 1.5. The temperature during treatment was (a) 25 �C and (b) 70 �C. A typical height profile for

each condition is presented. The presence of self-assembled asperities (bumps) is observed only on
the surfaces exposed to the degassed solution for 1 min. The scale bars correspond to 200 nm
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distribution is observed. On the contrary, the size distribution increasingly

broadens as the temperature of treatment is increased. The broad distribution is

observed right after the treatment; it is not a consequence of the temporal

evolution of the polymer surface. As can be observed in Fig. 11.5, the areal

fraction occupied by large bumps increases with temperature of treatment, occu-

pying most of the surface at 70 �C; however, zones of small bumps (r< 30 nm)

can always be identified.

The subsequent evolution of the self-assembled structure is determined by the

environmental conditions. The structure disappears after the structured surface is

annealed at 95 �C for a few hours. Nevertheless, these patterns reappear if the surface

is exposed again to degassed aqueous solutions. The patterns also relax under

solvent annealing: after exposure to toluene vapor for 1 h most of the structuration

is removed. Indeed, the surface of the film slowly relaxes back to the original smooth

condition even when the films are conserved in air at room temperature. We

observed a faster evolution of the films of PS of lower molecular weights. The

temporal evolution for mean bump height at different temperatures below Tg is

presented in Fig. 11.6a. For a number of samples structured under identical condi-

tions at 25 �C, as can be expected, the relaxation time markedly decreases with

increasing temperature. The relaxation process can be used to study the viscoelastic

properties of the polymer surface, as has been described in studies of relaxation of

grating-shaped surfaces [42] or nanoholes [33]. In agreement with these earlier

studies, a significant reduction in Tg near the film surface is supported by our results.

11.5 IPN: Remote Control of Surface Structuration

IPN is due to partial reconstruction of the polymer surface. It is interesting to

explore how deep in the film the surface modification is propagated. We have

observed that the IPN surface pattern can be altered by modifying the substrate

Fig. 11.6 Temporal

evolution of the bump

height for surfaces

nanostructured at 25 �C
aged at different

temperatures. The

continuous lines correspond

to least-squares fits to

exponential decay of the

data at times longer than the

decay time
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supporting the film, as shown in Fig. 11.7. The typical radii and heights of the

bumps formed in the surface are similar in oxidized Si wafers, and are independent

of polymer film thickness down to 10 nm. On the contrary, the characteristic size of

the bumps is substantially reduced—or they are not present—for films deposited on

hydrophobized wafers for polymer films thinner than the end-to-end radius of the

polymer. As mentioned above, the idea that polymer segments close to the surface

are more mobile than bulk segments is now broadly accepted, although the prop-

erties of the mobile layer (thickness, variation with temperature, and molecular

weight) are still debated. On the contrary, it is not obvious why this excess mobility

should be impaired by the influence of the underlying substrate buried down several

tens of nanometers below the polymer film surface.

The threshold thickness for surface structuration is determined by polymer size:

the larger the molecular weight, the longer the range of the effect of the substrate on

the structuration of the polymer layer. In all cases the observed effect has a range

too large—up to 100 nm for the largest polymer investigated—to be interpreted in

terms of the dispersion interaction between the solid substrate and water through the

polymer film. The reason for the long-range effect of the substrate on the polymer

structuration is related to the connectivity of the polymer chains. A complete study

of this effect has been reported before [43].

Fig. 11.7 Height AFM micrographs of films of 250 kDa polystyrene films measured in tapping

mode in air. The films of indicated thickness were spun coated on bare and silanized silicon wafers

(fractional OTS surface coverage 0.7) and then exposed to a degassed solution of nitric acid in

double-distilled water at pH 1.5 at room temperature. The presence of asperities of regular

nanometric size is clearly observed on some of the films exposed to the degassed solution during

5 min. The silanization of the wafer blocked the structuration of films thinner than the end-to-end

radius of the polymer. All the films were featureless before treatment
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11.6 IPN: An Easy Waterborne Process for Polymer
Surface Structuration

The procedure described here may be of interest for producing controlled nanostruc-

tured structures onflat, non-planar, or hollowhydrophobic substrates in a single simple

step allowing an easy and precise control of the nanopatterns produced. Some realiza-

tions of this idea are presented in Fig. 11.8: the nanostructuration of amonolayer of PS

microspheres—a substrate that would be impossible to pattern with conventional

lithographic techniques—or the selective patterning of a PS substrate partially

protected by a PDMS mask were performed in a simple waterborne step. Selective

patterning of the surface of a polymer film can be achieved if the film is deposited on a

patterned substrate that selectively avoids IPN to proceed, taking advantage of the

process described in the previous section, as illustrated in Fig. 11.9.

The obtained patterned polymer surfaces can also be replicated by metal thermal

evaporation to produce nanostructured metallic films with holes or asperities of

controlled size, as illustrated in Fig. 11.10. After deposition of a sufficiently thick

metal layer, the polymer layer can be cleaved or dissolved away. This procedure

allows an efficient and precise control of the metallic surface structure, with

possible applications in materials science and photonics. The roughness of

polydimethylsiloxane (PDMS) surfaces can be tuned by this technique if the

PDMS is treated while cross-linking, which may be of interest for microfluidic

applications. We have also observed that substrates of poly(methyl methacrylate)

(PMMA), PS in the form of colloidal spheres and bulk, and semicrystalline films of

polyethylene (PE) are prone to be structured by this technique, evidencing the

versatility and potential for its widespread use. It may find applications in many

different scientific and technological fields like nanolithography, microfluidics, or

flexible electronics.

Fig. 11.8 AFM micrographs taken in air show that the surface nanostructuration was also

observed in (a) a layer of PS latex (radii 0.2 μm) deposited by dip-coating from a concentrated

aqueous solution (10 g/l) on top of a smooth mica surface, (b) in bulk PS partially protected by a

sinusoidal micro-wrinkled PDMS stamp (λ ¼ 2 μm; see inset). Adapted with permission from

[21]. Copyright (2011) American Chemical Society
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Fig. 11.9 Height tapping-mode AFM micrograph measured in air of 50 nm thick 250 kDa

polystyrene films after exposure to a degassed solution of nitric acid in double-distilled water

during 5 min. pH 1.5; T 25 �C. The film was spin coated on a half silanized silicon wafer. Scale bar

corresponds to 2 μm. The presence of asperities of regular nanometric size bumps is clearly

observed on the bare silicon wafer. On the contrary, no modification was detected in the region

which was coated with OTS. Adapted with permission from (47). Copyright (2011) American

Chemical Society
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Fig. 11.10 The polymer-modified surfaces can also be used as a template to pattern metallic films

as outlined in (a). Evaporating a 250 nm thick silver film on a structured PS film and removing the

polymer film after gluing the stack onto a convenient substrate allow producing a metallic film of

controlled surface structure with bumps (b) or holes (c). Adapted with permission from [21]. Copy-

right (2011) American Chemical Society
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Chapter 12

Nanobubble-Assisted Nanopatterning

Pavel Janda

In the previous chapter it was described how degassing aqueous solutions in contact

with hydrophobic polymers open pathways for polymer surface patterning. In the

absence of degassing, nanobubbles can nucleate on hydrophobic surfaces. In this

chapter the structuring effect of nanobubbles on hydrophobic surfaces is discussed.

12.1 Introduction

Surface gaseous nanobubbles (NB) were first recognized in 1994 by Phil Attard

et al. [1] as long-range (102 nm) attractive forces between two adjacent hydropho-

bic planar solids immersed in water. First nanobubble images made in situ by

atomic force microscopy (AFM) in tapping mode were published by Phil Attard

in 2001 [2]. However, even then nanobubbles were not widely accepted and were

instead considered as AFM artifacts. Since then, gaseous nanobubbles have been

recognized as a real, though somewhat peculiar phenomenon, existing at the solid/

liquid interface. Their extensive study is resulting in exponentially grown number

of publications dealing with aspects of their existence and various models in an

attempt to explain their seeming disobedience of some thermodynamic rules such

as Young-Laplace law [3]. Surface gaseous nanodomains—nanobubbles and nano/

micro-pancakes appear frequently as rounded objects adhering to immersed solid

surfaces with the coverage varying from few percent to more than 80 %. From that

point of view gaseous nanostructures became the issue of growing importance even

for some diverse fields like heterogeneous catalysis, liquid immersion lithography,

electrochemistry, and interfacial physical chemistry.
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12.2 Imaging

Nowadays gaseous nanodomains are studied extensively in situ by AFM in

semicontact (tapping) mode, which so far appears to be the most reliable method

for nanobubble high-resolution imaging (Fig. 12.1).

Moreover AFM-derived methods, namely force spectroscopy and phase and

lateral force imaging, allow investigating nanobubble mechanical properties.

During the last few years optical visualization techniques have also been intro-

duced. Among them the total internal reflection fluorescence excitation (TIFR)

microscopy [4] and optical interference-enhanced reflection microscopy [5] appear

to be the most promising nonintrusive techniques. Their resolution, however, does

not even approach the resolution of atomic force microscope and optical techniques

may thus serve as an image survey of nanobubbles at 300 nm level (diameter) which

is so far their resolution limit.

12.3 Interactions with Solid Polymer Surfaces

While nanobubble properties including gas exchange dynamics, mechanical

properties, stability, composition, and thermodynamics have been extensively

examined, substantially less attention has been paid to nanobubble interactions

Fig. 12.1 In situ AFM (tapping) image showing the nanobubble population found on hydrophobic

surface immersed in deionized water at room temperature
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with solid surfaces and to forces exerted at the nanobubble ternary interface.

Following is the overview on the progress in the field keeping its chronological

order:

Zhihua Wu et al. [6, 7] have found that nanobubble interfacial forces can interact

with surface deposits performing defouling and blocking the surface, respectively,

preventing its contamination. The layer of biopolymer bovine serum albumin

(BSA) deposited on basal plane highly ordered pyrolytic graphite (HOPG) was

patterned by nanobubbles preventing BSA from adsorption, once nanobubbles were

formed prior to BSA deposition (Fig. 12.2).

While surface areas preoccupied by nanobubbles can be prevented from adsorp-

tion, electrochemically produced nanobubbles can cause ultimate removal of deposits.

Similar observation was made by V. Kolivoška et al. [8] who correlated appear-

ance of gaseous nanobubbles and nanopancakes on BSA-coated substrate with the

pattern formed on the surface.

In 2009 Y. Wang, B. Bhushan, and X. Zhao [9] came with the interesting finding

that nanobubbles may cause rearrangement of polymeric hydrophobic surfaces,

which they adhere to. They correlated in situ AFM images of nanobubbles

appearing on supported thin polystyrene film immersed in water with nanoindents

gradually formed at nanobubble positions (Fig. 12.3).

Nanoindents with diameter ~20 nm and density 2� 108 mm-2 were found to

develop slowly within almost 3-h period. The authors presented a model ascribing

the surface rearrangement to forces existing at three-phase contact line of

nanobubble on polymer surface. Using the horizontal force component Fh deter-

mined by the circular diameter of nanobubble contact line D and surface tension of

water γ¼ 72 mN m�1 the value of tensile stress σ at nanobubble ternary interface

was found to be σ¼ 24.8 MPa (for polymer film thickness h¼ 2.8 nm). Though this

value is below polystyrene bulk tensile stress (30–60 MPa), considering reduced

Fig. 12.2 5� 5 μm2 AFM height image of BSA protein adsorbed on HOPG with nanobubbles

formed prior to protein adsorption (left, image scale: 5� 5 μm, height scale: 10 nm) and BSA

removal (surface fraction on axial axis) by electrochemically generated nanobubbles (right) (from
Z.H. Wu et al. [7])
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entanglement density between polystyrene chains in thin layers can make the film

rearrangement by NB interfacial forces feasible.

Morphological instability of polymethylmethacrylate (PMMA) film on silicone

substrate was reported by B. Jing et al. [10] who found partial detachment of

PMMA film from the supporting substrate as a result of formation of PMMA

micro- and nanobubbles after immersion in water (Fig. 12.4).

The process is reversible and the radius of bubble curvature was found to be

dependent on the thickness of PMMA film (Fig. 12.5) and on its Young modulus,

while it was independent on thermal annealing treatment.

The equibiaxial compressive stress within the film, responsible for PMMA

bubble formation, is developed by swelling the outer layer of the PMMA film,

which is in contact with water (Fig. 12.6). The change in PMMA interfacial tension

Fig. 12.3 3D AFM image (tapping) of nanobubble at the polystyrene surface immersed into

deionized water. Time development after 10 min (a) and 150 min (b), respectively, shows rim
formation around the nanobubble (from. Y. Wang et al. [9])

Fig. 12.4 AFM image of PMMAmicro/nanobubbles after 186-min soaking in water (left) and the
spherical cap model fitting (right). The film thickness is 47 nm (from B. Jing et al. [10])
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is expected to be negligible. The internal space of PMMA bubble is believed to be

filled with ambient gas (air), for which thin PMMA film has high permeability.

This finding is in accordance with earlier observation of Tanaka et al. [11] who

reported on nonuniform swelling of PMMA in water indicated by a neutron reflec-

tivity measurement. They found that the thickness of the swelling layer was ~10 nm.

While polymeric blister and bubble formation both lead to the local lifting of

polymer film from supporting substrate and impaired polymer-substrate adhesivity

represents an important prerequisite, gaseous nanobubbles appear to act from the

top on strictly localized area.

The existence of forces acting at the nanobubble ternary interface was further

confirmed by the discovery of nanobubble-assisted exfoliation of basal planes of

HOPG (Fig. 12.7), which was found to take place at room temperature in deionized

water [12].

Fig. 12.5 Dimensions (h, L ) of PMMA bubble at different film thickness (a). Radius of curvature
(R) of the bubbles as a function of thicknesses of the PMMA film (b). The solid line is obtained
from the theoretical model (from B. Jing et al. [10])

Fig. 12.6 Scheme of deformation of supported PMMA film upon water adsorption: Immediately

after water swelling (a), layer deformation upon swelling for longer period of time (b) (from
B. Jing et al. [10])
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Advantageously, the surface rearrangement of graphene layers leading to

graphene-based nanoparticles was independently confirmed by Raman spectros-

copy in situ showing increase of D-mode and also by diffraction techniques.

Accordingly, transmission electron microscopy revealed graphene-based

nanoscrolls and buckles formed by tearing graphene sheets and by subsequent

scrolling.

Unlike nanobubble-oriented patterning models, Siretanu et al. [13] ascribed self-

assembled rearrangement of hydrophobic polymer surface immersed in aqueous

media to electro-hydrodynamic instability due to adsorption of hydronium and

hydroxyl ions at the interface. Reportedly [13], both the instability and nanostruc-

ture are controlled by the charge of hydrophobic surface, and depend on the pH and

inversely on the solvent saturation by gas. Authors describe the most pronounced

nanostructuring process on 300 nm thick polystyrene film proceeding during

immersion in degassed aqueous media for time period of minutes at high (11.3)

and low (1.5) pH values as shown in Fig. 12.8. The phenomena was described in the

previous chapter.

The authors [13] claim that interaction strength between hydrophobic substrate

and aqueous phase is in fact negatively affected by the dissolved gas, which can

protect the hydrophobic substrate from access of aqueous phase. They assume the

existence of a mobile surface layer of polymer, which can be restructured under

external influence. Observed relaxation of polymer nanostructures after a month’s

period allowed elucidating the model, according to which the enhanced mobility of

the top of polymer film rather than its irreversible plastic deformation plays the role

in the surface rearrangement.

Fig. 12.7 In situ AFM

(tapping) image of basal

plane HOPG surface

rearranged by nanobubbles

acting in deionized water at

room temperature (from

P. Janda et al. [12])
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Away from the abovementioned electro-hydrodynamic instability concept, gas-

eous nanobubbles and forces at the ternary (gas/liquid/solid) interface in particular

were recognized as having significant interface rearranging potential.

A. Duisterwinkel and S. Yang [14] addressed again the surface defouling issue

(Fig. 12.9), pointing to nanobubble cleaning capability.

Nanobubble cleaning was found to be highly effective on both plain and

nanopatterned (trench/ridge) wafer without damaging the wafer surface.

The nanopatterning of polystyrene film was reported by H. Tarábková and

P. Janda [15]. Supported polystyrene film was immersed in deionized water at

room temperature and exposed to nanobubbles formed at the PS/water interface. It

was assumed that the surface coverage by nanobubbles depends on flooding

conditions and may reach up to 80 % (Fig. 12.1). Within the time period of seconds

the surface nanopatterning was formed as imaged by AFM (Fig. 12.10).

Random nanobubbles and nanobubble aggregates were found to form random

and netlike nanopatterning with higher degree of ordering, respectively, as shown

in Fig. 12.10. The good agreement between statistical distribution functions of both

nanobubbles and nanopattern indicates their mutual relation [15]. This work also

points out the possibility of using decoration of surface nano/microbubble positions

formed on hydrophobic polymer (PS) matrix, for examination of nano/microbubble

appearance ex post by relatively simple ex situ AFM imaging.

Fig. 12.8 Ex situ AFM images (tapping) of 300 nm polystyrene film treated with degassed

aqueous solution at different pH: 1.5 (top left), 11.3 (top right), 2.5 (bottom left), 7.0 (bottom,
middle), and 9.2 (bottom right), varied with HNO3 and NaOH; zeta potential and charge density

plots (top, middle) (from I. Siretanu et al. [13])
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Further in-depth study of nanobubble-assisted nanopatterning of various poly-

meric surfaces is presented by H. Tarábková, Zdeněk Bastl, and Pavel Janda [16]

(Fig. 12.11).

The nanopatterning appearance is regarded as the nanobubble decoration formed

by the polymer rearranged by nanobubble interfacial forces, arising upon

nanobubble expansion after mild pressure drop is applied on the interface.

Tensile stress imposed by shrinking nanobubble perimeter is expected to

squeeze and push up the surface delimited by surface nanobubble foot radius

(Fig. 12.12); hence the nanoprotrusions are formed. Nanomorphology, elastic

properties, and thickness of the hydrophobic film are among properties influencing

pattern, which may appear in a form of nanopinholes or nanoprotrusions [16].

Forces acting at nanobubble ternary interface originate in surface tension ΓLG

determined by the composition of the interface. For ambient gas atmosphere (air)
and deionized water the surface tension then generates force with the lateral

component

FL ¼ 2πr Γaw cos 180� Θð Þ ð12:1Þ

where θ corresponds to interfacial (water-air) contact angle (measured from

aqueous phase).

Fig. 12.9 The SEM image of plain wafer surface deposited with the 100 nm polystyrene particles

(a). The same surface after treated with the ethanol-water exchange process, known to generate

surface gaseous nanobubbles (b). Nanoparticles are removed with 100 % removal effi-

ciency with no extra damage of the surface as compared with removal rate by ethanol and water

rinsing itself ( bottom plot) (from S. Yang and A. Duisterwinkel [14])
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Considering nanobubble interface pinning [17] on solid surface, the force FL is

transferred via pinned interface areas to the underlying solid, developing thus

tension stress σ within the polymer surface layer. Its magnitude is given by the

magnitude of projected lateral component FL and by the thickness of the film h:

σ ¼ FL=2πrh ð12:2Þ

Density functional theory (DFT) calculations [18] suggest the tangential pulling

force FT as a solid/liquid adhesion originated in long-range solid/liquid

intermolecular attraction

FT ¼ ΓLG 1þ cosθð Þ ¼ ΓLG þ ΓSG � ΓSL; ð12:3Þ

with interfacial tension components solid/gas, liquid/gas, and solid/liquid,
respectively.

For contact angle θ the lateral and normal components of resulting force

(Fig. 12.13) are

Fig. 12.10 Ex situ AFM image of random nanopatterning of the PS surface after its exposition to

nanobubbles in water (a), as received PS surface after spin coating on the Si wafer as a reference

(b), net-nanopatterning by nanobubble aggregates (bottom image) (from H. Tarábková and

P. Janda [15])
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Fig. 12.11 The height density distribution (σ) of nanopattern formed by nanobubbles on different

surfaces—HOPG (black), PS (red), and paraffin (green) (top) and the pattern volume (Vpatt)

dependence on material properties expressed by elasticity Young modulus (YM). Vpatt decreases

in the direction of increasing Young modulus in the sequence paraffin, PTFE, PS, and basal plane

HOPG (bottom) (from H. Tarábková, P. Janda et al. [16])
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ΓLG(1 + cosθ) and ΓLG sinθ, respectively [19]. For nanobubbles with assumed

pinned contact interface, when their expansion enters neck phase [20], the solid

surface is pulled by the interface attempting to shrink its radius.

The aggregated effect of lateral force developed by the shrinking interface (12.1)

together with pulling force (Fig. 12.13) on the solid surface is manifested (via rising

tensile stress) by squeezing surface layer within shrinking bubble circular contact

line. The magnitude of developed tensile stress is estimated to reach order of

102 MPa, which can overbalance the material elasticity point causing its irreversible

plastic deformation. Thus, the nanoprotrusion is formed on thick layer, while on

FST

FST

FB

FLR

q

Fig. 12.12 Illustration of forces acting at pinned bubble ternary interface during neck phase of the

expansion. Interfacial (surface tension) force FST is pointed inward the bubble contact perimeter

(from H. Tarábková, P. Janda et al. [16])

G L

S

q

Fig. 12.13 Schematic drawing of forces acting on the solid surface at the gas (bubble)/liquid
interface. Their distribution at the contact (interface) line (contact angle θ) is represented by a

projection of solid/liquid adhesion pointed towards liquid phase. Accordingly, the resultant

uncompensated pulling force is headed towards liquid phase, while in the distance from the

interface the mutual S–L attraction is balanced [19]
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thin layers with lowered elasticity modulus it may lead to its ultimate removal,

forming nanopinholes [16].

Figure 12.14 shows nanobubble-assisted nanopatterning of solid hydrophobic

surfaces of different composition and material properties—PTFE (Teflon) and

paraffin immersed in water, after mild pressure drop (~ �10 kPa) was applied on

the interface.

Conclusively, according to indications gathered, nanobubbles should be consid-

ered as large-scale surface-nanopatterning elements. The solid surfaces, which

elasticity point is transcended by tension stress exerted by surface nanobubble

interfacial forces, are restructured by surface nanobubbles at mild conditions, in

the absence of chemical reaction or processes requiring high-energy inputs.

Fig. 12.14 AFM image of PTFE (top) and paraffin film (bottom) before (left) and after (right)
nanopatterning by surface gaseous nanobubbles (ambient gas) in deionized water, at room

temperature (pressure drop �10 kPa)
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Chapter 13

Future Trends of Unconventional Methods
in Polymer Surface Patterning

Carlos Drummond and Juan Rodrı́guez-Hernández

13.1 Patterning Based on Surface Instabilities:
State of the Art

The outstanding progress in synthetic polymer science during the last century

stimulated the development of a large number of low-cost methods of polymer

production, making a growing variety of complex materials available. During the

last few decades important efforts have been devoted to developing strategies of

polymer patterning, aiming to achieve new functionalities for these widespread

materials, largely inspired by examples found in nature.

Instabilities, regardless of their origin, have demonstrated to be an interesting

alternative to obtain different morphologies on polymeric surfaces, morphologies

that would be difficult or even impossible to obtain by employing “traditional”

patterning techniques. In contrast to the “classical” surface structuration approaches

that have been usually grouped either in top-down or bottom-up methods, the

intrinsic nature of the spontaneous processes occurring in the instability-based

patterning methodologies permits the fabrication of a rich number of structures

with intricate and complex patterns. The morphology and dynamics of the formed

structures are a rich source of information related to the physical processes

governing the instability; this knowledge makes it possible to control the output
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(by tuning the relevant control variables or guiding the process dynamics) and to

envisage practical applications of the process.

The methods described in this volume are typically easy to carry out, are

relatively fast, and do not require expensive equipment. Thus, they offer unique

possibilities to be transferred to the industrial or prototype level, since they are

easily scalable. The tools to pattern polymer surfaces described through this book

included approaches in which scientists have been interested during decades (e.g.,

surface-directed patterning or block copolymer self-assembly) with others that are

not more than 5 years old (e.g., nanobubbles, coffee rings, or electrostatic pattern-

ing in aqueous media). Old and new methods share common features and allow the

preparation of particular surface patterns with typical lengths from the micrometer

down to the nanometer scale.

On the downside, there are complications associated to most of the processes

described in this volume. The most apparent is probably the randomness accom-

panying the outcome of most of these methods, which generates a certain degree of

uncertainty on the formed structures. As has been illustrated through the book,

some control can be achieved by guiding the processes using patterned substrates,

electrodes, or masks. While a complete control of the resulting morphology is

necessary in many applications, some structural randomness is not harmful (and

can even be beneficial) in many others. Adhesion or friction can be determined by

the presence of a particular microstructure, regardless of its fine details. Thus,

applications in enhanced and reusable adhesives, haptic technology, or drag reduc-

tion do not require detailed control of the surface mesostructure. Similarly, appli-

cations related to super-hydrophobicity or self-cleaning surfaces are independent of

the fine details of the structure. For some optical applications (e.g., antireflective

coatings, structural colors, specific visual properties, cosmetic applications) the

existence of a characteristic size or a certain hierarchy in the surface structure

may be enough to achieve a particular function.

Even though detailed control of the surface morphology may be out of reach for

most of the techniques presented, in most of them the general patterns and charac-

teristic length scales produced can be easily delimited. Some of the methods

described make use of a control variable to master the process. Some others require

a fine control of the process to adjust the formed structure. In the first group we

found the methods that resort to external forces (electrical, mechanical, etc.) to

induce the instability that finally results on a modification of the surface morphol-

ogy. As a consequence, the control of the intensity of the external stimulus directs

the extent in which the surface morphology can be altered and the dimensions of the

final pattern. In the second group we found techniques based on the dynamic

evolution of the systems in response to a changing environment. A fine control of

the process is then necessary to master the resulting pattern.
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13.2 Future Developments in a Young Field

As mentioned above, whereas some approaches and the mechanisms involved to

obtain a particular pattern are already well known, some of these methodologies

have been only recently reported. Thus, further advances towards the understanding

of the fundamental mechanism directing the modification of the surface morphol-

ogy are necessary. New pathways of surface morphology control should result of

these studies.

The approaches covered in this book have been explored in separate basis in the

different chapters. These individual strategies may be the foundation for further

developments in which two or more patterning processes act simultaneously, to

achieve several levels of structuration and greater complexity. As an example, the

breath figures methodology employed to prepare micrometer-size porous films can

be combined with the self-assembly process occurring in block copolymers and

produce unprecedented hierarchically structured materials. Analogously, the com-

bination of chemical and morphological patterning can be easily implemented by

some of the methods presented. This multi-technique approach will open pathways

for controlled, cost-effective production of complex, three-dimensional polymer

materials in the near future, which may find applications in a wide range of fields,

from tissue engineering and other biomedical applications to flexible and advanced

microelectronics.
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